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Abstract 
A tidal bore is a natural estuarine phenomenon forming a positive surge in a narrow funnelled 
channel river mouth during the early flood tide under spring tide conditions. The bore may result 
from a combination of several parameters including (but not limited to) the tidal conditions, 
bathymetry and river mouth shape. The positive surge propagates upstream into the lower estuarine 
zone and its arrival induces some enhanced turbulent mixing, with upstream advection of suspended 
material. In this thesis the flow field and turbulence characteristics of tidal bores propagating over 
mobile rough bed were measured using both physical and numerical (CFD) modelling. The 
unsteady turbulent flow analysis was complemented by sediment particle tracking. Combination 
with some theoretical knowledge led to some new understanding of turbulent velocity field, 
turbulent mixing process, Reynolds stress tensor, sediment transport, tidal bore hydrodynamics and 
the forces acting on particles. 
The turbulent mixing characteristics of breaking and undular tidal bores were investigated 
physically including in terms of sediment motion on a movable gravel bed. The experimental study 
was based upon a Froude dynamic similarity, and some detailed velocity measurements were 
conducted for a range of Froude numbers to provide some Eulerian description of the turbulent flow 
field. Some variable interval time average technique (VITA) analysis was performed to characterise 
the turbulent properties including the Reynolds stress tensor components in breaking and undular 
tidal bores on fixed and mobile bed. Some sediment tracking under both breaking and undular bores 
provided some Lagrangian description of transient bed load motion beneath the tidal bore front. The 
findings showed the dominant role of the longitudinal pressure gradient force on the inception of 
sediment motion during the passage of the bore, and the effect of shear force in the later sediment 
motion.  
Some numerical (CFD) simulation of the unsteady two-phase undular and breaking bore flow on 
fixed gravel bed was carried out in the present research. The configurations investigated by 
DOCHERTY and CHANSON (2012) and KHEZRI and CHANSON (2013) were tested. A 
numerical CFD tool (Thetis) was used, which was developed by the I2M Laboratory at the 
University of Bordeaux. Thetis is a CFD model and has been validated for many cases. Some novel 
method in the numerical tool includes the use of a mesh grid disconnected from the geometry, 
which allows the fluid domain being treated globally. This study includes further analysis and 
discussion, including numerical simulations, numerical validation and theoretical considerations.  
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The numerical simulation of the breaking bore in this study was a “breakthrough”. The simulation 
of breaking waves has always been a challenge due to the complexities of air entrainment modelling 
in the flow. In this study the free surface was modelled using the smooth volume of fluid technique 
(SVOF) and also the turbulence modelling was performed via large eddy simulation technique LES. 
The data was used to map the velocity and pressure field and resolve some interesting 
characteristics of the flow. The pressure distribution measured beneath the breaking bore in the 
numerical model was compared to the experimental estimations. The results were in good 
agreement and the very large pressure gradient force just beneath the bore toe was also observed in 
the numerical measurements. The vortical structures were mapped and visualised using the 
numerical data. The observation of vortical structures and their upward motion beneath the breaking 
bore in the numerical study, could explain the regular upward particle motion observations during 
the breaking bore experiments.  
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ks Equivalent sand roughness height  m 
K Medium permeability m2 
L Length  m 
Lr Geometric scaling ratio  
Lw Wave length measured from crest to crest  m 
mf The fluid mass kg 
ms The particle mass kg 
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Symbol Description Units 
P Pressure  Pa 
Q Volume flow rate  m3/s 
q Volume flow rate per unit width: q = Q/B m2/s 
Re Reynolds number 
 
Rep Particle Reynolds number   
S Dimensionless number defined as the ratio of particle acceleration to the reduced 
gravity acceleration, introduced by Sleath (2000) 
 
So Bed slope : So = sinθ  
Sf The friction slope  
T Averaging period  s 
T2 The time when the characteristic point 2 of the bore (bore toe) passes just above the 
particle 
s 
T Time  s 
t' Time  s 
tpeak Characteristic time for which the free-surface fluctuations are maximum s 
t1, t2, t3 Characteristic times of the breaking bore front (Fig. 3-8) s 
U (a) Tidal bore front celerity for an observer standing on the bank, positive upstream; 
(b) Celerity of dam-break positive surge  
m/s 
Ua Average relative fluid velocity in longitudinal direction m/s 
V (a) Fluid velocity positive downstream; 
(b) Instantaneous velocity component  
m/s 
Vconj Conjugate fluid velocity immediately behind the tidal bore front; m/s 
V0 Initial fluid velocity positive downstream: V0 = q/d0;  m/s 
V1 Mean velocities in a section  m/s 
Vs The instantaneous particle velocity component which is equal to dx/dt m/s 
Vx Instantaneous longitudinal velocity positive downstream m/s 
Vy Transverse velocity positive towards the left sidewall; m/s 
Vz Vertical velocity positive upwards; m/s 
  (a) Time-averaged velocity  
(b) Ensemble-averaged (EA) velocity (c) variable interval time averaged (VITA) 
velocity  
m/s 
V Turbulent velocity fluctuation: v = V-V m/s 
v' Root mean square of turbulent velocity component  m/s 
Vβ Liquid fraction m/s 
W The weight force N 
w0 The particle fall velocity m/s 
X Longitudinal distance measured from the study frame downstream end, positive 
upstream 
m 
x Longitudinal distance measured from the upstream channel end, positive downstream m 
X1 Longitudinal distance measured from the downstream channel end, positive upstream m 
X2 The longitudinal coordinate of the roller toe m 
xgate Downstream gate position  m 
Y Transverse distance measured from the channel centreline, positive towards the left 
sidewall 
m 
Z Distance normal to the bed; it is the vertical distance for a horizontal channel; for the 
fixed ravel bed, z is measured above the top of the gravel bed 
m 
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α The dimensionless velocity  = 0.5/ 
β The velocity distribution correction factor  
δ Boundary layer thickness (m) defined in terms of 99% of the free-stream velocity 
δβ Porous depth 
εβ Porosity 
µ Dynamic viscosity  
ν Kinematic viscosity 
π π = 3.141592653589793238462643 
θ Bed slope angle with the horizontal, positive downwards 
σ Surface tension between air and water 
τ The stress tensor 
ψa Mean value of velocity gradient ψ = ∂v ∂z⁄  
ρ Water density  
ρs Gravel particle density 
ω Vorticity 
 
List of Subscript 
Subscript Description 
conj Conjugate flow conditions: i.e., immediately behind the tidal bore front 
low Low-pass filtered component 
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min Minimum value 
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Y Component transverse to the channel centreline 
Z Component normal to the invert 
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1. Introduction 
A tidal bore is a natural phenomenon forming a positive surge in a narrow funnelled channel mouth 
during the early flood tide under spring tide conditions. The positive surge propagates upstream. 
The bore may result from a combination of several parameters including the tidal conditions, 
bathymetry, river mouth shape and etc. (DARWIN 1897). The arrival of the bore induces some 
enhanced turbulent mixing, with upstream advection of suspended material (CHEN et al. 1990; 
TESSIER and TERWINDT 1994; KOCH and CHANSON 2009). A tidal bore has significant 
ecological impacts on the estuarine system (DONNELLY and CHANSON, 2005). More than 400 
rivers and estuaries around the world are affected by tidal bores (CHANSON 2012). Some famous 
tidal bores are those of Qiantang River (China), Amazon River (Brazil) and Seine River (France). In 
Australia tidal bores occur in Daly River, Styx River, South Alligator River, Ord River and several 
creeks. A photograph of the undular tidal bore of the Dordogne Rivers is presented in Figure 1-1. 
 
Figure  1-1 Undular tidal bore of the Dordogne River (France), October 2012. The surfers are riding ahead of the 
wave crests with the bore propagation from left to right (photograph by the Author) 
The attractions by the moon and the sun generate the oscillations in the sea referred to as “tide”. 
The largest tidal ranges occur because of the amplified attractions of moon and sun every fourteen 
days at full moon or new moon, and they are called the spring tide conditions. During the flood tide 
with the increase of the sea level, the tidal wave (leading edge of flood tide) increases until an 
abrupt front called tidal bore is formed. The tidal bore may occur depending on the tidal range and 
the shape of river mouth; a tidal range higher than 4.5-6 m and a funnelled shape of river mouth 
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may amplitude the tidal bore in the lower estuarine zone (CHANSON 2012). The tidal bore happens 
for few days with different ranges; larger bores occur one to three days after the full moon or a new 
moon while the smaller bores occur on days preceding and following the highest bore occurrence. 
The formation of tidal bore from tidal wave and its location of inception may be predicted using 
Saint-Venant equations and method of characteristics. BARRE de SAINT VENANT (1871a,b) 
wrote a major contribution on the development of positive surges and bores, as well as the 
following applied mathematicians and hydraulic engineers: BAZIN (1865), BOUSSINESQ (1877), 
LEMOINE (1948), SERRE (1953), BENJAMIN and LIGHTHILL (1954) and PEREGRINE 
(1966). 
Surfing the tidal bores have recently become popular. The excitement about surfing the bore front is 
about the timing, since the surfers have only one chance or they have to wait 12 hours for the next 
tidal bore. The surfers’ and kayakers’ aim is to ride the bore as long as possible. In Canada, China, 
UK and France the tidal bore has become a major tourism attraction. In several countries the tidal 
bore is part of the cultural legacy and history: e.g. traditional festivals in China and Malaysia. Tidal 
bores of Dordogn River and Garonne River in France known as “mascaret” are some of the most 
visited by surfers. 
The bore of Qiantang River has the site of largest bore in the world with a height of 9 m captivating 
about 300,000 tourists during the moon festival every year. The bore travels with high speed up to 
40 km/s and the rumble sound of the bore can be heard in advanced. The rumble sound of the bore 
is characterised by the low-frequency and generated by the air-bubbles entrapped in the large scale 
eddies of the bore roller (CHANSON 2009). Even though the river banks have been treated with 
high walls to reduce the damages by the tidal bore, tragic accidents still occur. 
The arrival of tidal bore induces intense turbulent mixing in the estuarine zone. Field studies 
demonstrated the upstream advection of suspended material due to turbulent mixing (CHEN et al. 
1990). This process was studied in Alaska, China and France. CHANSON (2009) observed the 
formation of a new main channel in the Baie du Mont Saint Michel (France) when the tidal bore cut 
a channel meander. 
3 
 
 
Figure  1-2 Tidal bore of Qiantang River in China in September 2013 (photograph by H. CHANSON) 
A tidal bore is a fragile process which can easily be affected by any change in the estuarine and 
river conditions. The estuary zone is referred to the river section where the fresh water is mixed 
with see water. Any man-made work in the river or any change in estuarine bathymetry can result in 
disappearance of the tidal bore for several years as occurred in Seine River in 1850s following river 
training; as well as the early 1960.  
The tidal bores also affect the eco-system significantly. The wildlife and their living, feeding and 
breeding ground in the estuary are all affected by the tidal bore. The seals feed immediately behind 
the bore in the Baie du Mont Saint Michel. The sharks in Queensland, crocodiles in northern 
Australia also feed when the bore is propagating upstream and profit of the fishes disabled by the 
bore turbulence. Swans are sometimes observed in Garonne and Dordogne Rivers riding the tidal 
bore. 
The shape of the tidal bore depends on its Froude Number. For Froude numbers between 1 and 1.5, 
undular bore is observed (KOCH and CHANSON 2008). For the undular shape of the bore the 
leading wave is followed by a train of undulations. The breaking bore is observed for higher Froude 
numbers; a sharp increase in water level occurs and the leading edge moves upward. 
Some geophysical and man-made processes related to the bores includes storm-surge induced bores, 
tsunami-induced bores, positive bores, downstream bores, dam-break waves and swash-induced 
bores. The storm-surge induced bores are often observed in the Bay of Bengal in Bangladesh where 
during the early flood tide with spring tidal conditions, the developed storm surge generates a bore 
front which is amplified with the wind shear. The tsunami-induced bores are referred to the positive 
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surge due to propagation of the tsunami wave in shallow-water regions. Such bores were observed 
in Japan in 1983, 2001 and 2003 (SHUTO 1985, OSHIKI et al. 2008). Swash-induced bores are in 
much smaller scale and may be observed on the beaches when the wave run-up enters into a small 
creek or channel. 
Bores are also observed in the man-made structures: in irrigation channels and the hydropower 
canals during the operation (positive surge); at the leading edge of flash floods propagating 
downstream narrow canyons (downstream bore); or in the dam-break process with leading wave 
propagating in a valley downstream, with a still or moving bulk of fluid.  
The aim of this research is to document the flow field and turbulence characteristics in tidal bores 
passing fixed and mobile rough bed by using finer instrumentation compared to previous research 
studies. The unsteady flow analysis was followed by particle tracking. Combination with some 
theoretical knowledge led to some new understanding of turbulent velocity field, turbulent mixing 
process, Reynolds stress tensor, sediment transport, tidal bore hydrodynamics and the forces acting 
on particles. 
The turbulent mixing characteristics of breaking and undular tidal bores were investigated 
physically including in terms of sediment motion on a movable gravel bed. The experimental study 
was based upon a Froude dynamic similarity, and some detailed velocity measurements were 
conducted for a range of Froude numbers to provide some Eulerian description of the turbulent flow 
field. Some variable interval time average technique (VITA) analysis was performed to characterise 
the turbulence by finding the Reynolds stress components in breaking and undular tidal bores on 
fixed and mobile bed. Some sediment tracking under both breaking and undular bores brought some 
Lagrangian understanding of turbulent mixing and bed load motion beneath the tidal bore front. The 
video camera was used to track the particles on movable bed during the passage of breaking bore. 
This study includes further analysis and discussion, including numerical simulations and theoretical 
considerations.  
Not any analytical solution is available for the tidal bores. The solution to tidal bore can be pursued 
through the numerical modelling using Navier-Stokes equations. The CFD methods have been 
serving for different fluid mechanics problems for years.  
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Some numerical simulation of the unsteady two-phase breaking bore flow on fixed bed was carried 
out in the present research. The same configuration as experimental study by DOCHERTY and 
CHANSON (2012) and KHEZRI and CHANSON (2013) were used in modelling the smooth and 
rough bed. A numerical tool Thetis, developed in the I2M Laboratory in University of Bordeaux 
was used for the simulation. Thetis is a CFD model and has been validated for many cases. An 
ingenious method in the numerical tool includes using a mesh grid disconnected from the geometry, 
which allows the fluid domain being treated globally. The findings showed the dominant role of the 
longitudinal pressure gradient force on the inception of sediment motion during the passage of the 
bore, and the effect of shear force in the later sediment motion.  
The first section of this study considered the topic of tidal bore and turbulent mixing. In the second 
chapter some literature review is performed. Some theory and dimensional analysis are presented in 
Chapter 3. The experimental setup, instrumentation and bed configurations are presented in Chapter 
4. Chapter 5 introduces the numerical simulation of tidal bore and Chapter 6 includes comparison 
between the experimental and numerical results and discussion. Chapter 7 contains the results. 
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2. Literature Review 
2.1 Presentation 
Tidal bores form in some river mouths during the early flood tide when the water level rises rapidly 
and the tidal range exceeds 4 to 6 m (CHANSON 2011a). This results from a fragile balance 
between the tidal range, shape of river mouth, bathymetry and etc. (DARWIN 1897). The abrupt 
rise of the water induces the discontinuity in water depth and velocity field. The bore leading edge 
propagates upstream into the river. This phenomenon has a remarkable effect on the estuary zone 
and the river ecology.  
There are some documented historical tidal bores in different rivers all over the world. One of the 
oldest records is the tidal bore on the Indus River which wiped out the fleet of Alexander the Great 
about B.C. 325 (MALANDAIN 1988, JONES 2003). The tidal bores of the Seine River in France 
locally known as “La Barre” was mentioned in writings from 11th to 16th centuries. It is now 
known locally as “mascaret” and was first documented during the 7th and 9th centuries 
(MALANDAIN 1988). The bore of Qiantang River in China, called Hangzhou Bore was also 
mentioned during the 7th and 2nd centuries BC and described in writings of 8th century. The 
“Pororoca” of the Amazon River was observed during 16th and 18th centuries by PINZON and LA 
CONDAMINE respectively. The bore on the Hoogly branch of the Gange River was documented in 
19th century shipping reports (CHANSON 2004).  
Smaller bores occur in the Petitcodiac River in Canada, the Turnagain Arm of Cook Inlet in Alaska, 
Severn River in England, Garonne and Dordogne Rivers in France, Batang Lupar in Malaysia and 
on the Styx and Daly Rivers in Australia. A picture of undular bore in Dordogne River is shown in 
Figure 2-1. The surfers are riding with the bore adversing upstream. 
The fragile hydrodynamic balance which leads to generation of the tidal bore can be easily 
disturbed by small changes in boundary condition and river flow. The existence of the bore relies 
upon this momentum balance between initial and new condition (CHANSON 2004a, 2005). Several 
bores have disappeared as a result of man-made interventions. These changes have had some 
inverse impact onto the eco-system:  
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The “mascaret” of the Seine River (France) and the bore of Colorado River do not exist anymore. In 
both cases although the fluvial traffic gained in safety, the ecology of the estuarine zone was 
negatively affected. The construction of upstream dams on the Couesnon (France) and Petitcodiac 
(Canada) Rivers yielded the disappearance of the tidal bores. At the Petitcodiac River, this resulted 
in the elimination of several diadromous fish species, including Atlantic salmon, Atlantic tamcod, 
American shad, striped bass and sturgeon (LOCKE et al. 2003). 
Figure 2-1 shows frequent pictures of a tidal bore in Dordogn River (France) by the author standing 
in fixed position, while the bore is passing from the lefts side (downstream) to the right side 
(upstream) of the river. 
(A) (B)  
(C)  
Figure  2-1 Undular tidal bore of the Dordogne River (France), October 2012. The surfers are riding ahead of the 
wave crests with the bore propagation from left to right (A) the bore moving towards the observer (B) the bore 
passing in front of the observer location and (C) the bore already passed the observer’s location (photographs by 
the Author) 
2.2 Theoretical studies  
FAVRE (1935) wrote a solid treaty on undular surges, and the undular surges are sometimes called 
“Favre waves”. BOUSSINESQ (1877) wrote a milestone treatise "Théorie des Eaux Courantes" and 
the name "Boussinesq waves" is possibly more appropriate (HAGER 1995, CHANSON 1995). 
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Several studies by KEULEGAN and PATTERSON (1940), LEMOINE (1948), TURSUNOV 
(1969) and ANDERSEN (1978) proposed the theoretical estimate of free-surface undulation 
characteristics. 
The pressure field beneath undular and breaking surge were also investigated. The pressure 
distribution beneath an undular surge is not hydrostatic as predicted by ideal-fluid flow theory (e.g. 
ROUSE 1938, 1959, PEREGRINE 1967). The undular surface is a streamline and a simple flow net 
analysis predicts the lower pressure gradient compared to hydrostatic beneath the wave crest and 
higher beneath the wave trough. Some significant velocity redistribution is theoretically predicted 
between the wave through and crest. The experimental data agree with the theory (e.g. KOCH and 
CHANSON 2008), but the assumption of frictionless fluid in ideal flow theory does not take into 
account the bed and side wall friction. The boundary shear stress yields to some energy dissipation 
and vorticity generation. The average vorticity for a bore propagating upstream is positive (TELES 
DA SILVA and PEREGRINE 1990).  
LEMOINE (1948) proposed that the radiation of wave train in the undular bore dissipates the 
energy. He estimated the wave length and wave amplitude with assumption of sinusoidal waves 
(cnoidal wave theory). BENJAMIN and LIGHTHILL (1954) also used the cnoidal wave theory to 
find the wave length and amplitude solving Boussinesq equation. Another analytical solution of 
energy dissipation in tidal bores by ANDERSEN (1978) was also based on a solution of Boussinesq 
equation. Some analytical solutions for the Navier-Stokes equations applied to the breaking bore 
were achieved by LIGHTHILL (1978) and CHANSON (2012). 
2.3 Field measurements 
Limited field measurements have been performed on tidal bores even though about 400 estuaries 
and shallow water bays all over the world are affected by a tidal bore process (BARTSCH-
WINKLER and LYNCH 1988, CHANSON 2011a). While the tidal bore is a dynamic process 
expanding to several kilometres, all of the field studies have been conducted as fixed-point 
measurements (FURUYAMA and CHANSON 2010).  
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Figure  2-2 Tidal bore of the Sélune River at Pointe du Grouin du Sud on 24 September 2010 (photograph by H. 
CHANSON) – Bore propagation from right to left 
The intense turbulent mixing by tidal bore can cause damage to scientific equipments as 
experienced in a number of field studies in the Rio Mearim (Brazil), in the Daly River (Australia), 
in the Dee River (UK) and in the Bay of Mont Saint Michel (France) (KJERFVE and FERREIRA 
1993, WOLANSKI et al. 2004, SIMPSON et al. 2004, MOUAZE et al. 2010). Figure 2-2 shows the 
tidal bore of Sélune River at Pointe du Grouin du Sud and the sampling location of the field 
measurements at the right side. 
A broad explanation of undular surge in large trapezoidal channels were presented by PONSY and 
CARBONNEL (1966) and TRESKE (1994). PONSY and CARBONNELL (1966) recorded three-
dimensional measurements of undular and breaking surge in a 40 m wide trapezoidal channel 
located upstream of Oraison Powerplant (France). In trapezoidal channels, modelling and field data 
showed the larger wave amplitude at banks compared to the centreline. It was also observed in the 
Severn River by TRICKER (1965) and experimentally by TRESKE (1994). 
The intense bed material mixing with the arrival of bore front was demonstrated through 
observation and field measurements. CHIEN Yueh-yu during 13th century describes his 
observations of the the Qiantang River bore (China) as “the turbid waters are piled up and the 
water behind comes on in a mass, and then it busts over the sand-flats with fury and boiling rage 
and tremendous sound" (MOULE 1923).   
The impact of the bore on sediment processes were demonstrated through further field studies 
(JIYU et al. 1990, TESSIER and TERWINDT 1994, GREB and ARCHER 2007, CHANSON et al. 
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2011). All the studies showed intense bed material mixing and advection of suspended material 
towards upstream behind the bore front. A data re-analysis of tidal bore and hydraulic jump 
illustrated that mixing coefficients in that type of rapidly varied flows were about an order of 
magnitude larger than those in gradually varied flows in open channel (CHANSON 2004b).  
M. PARTIOT performed two fascinating experiments in the Seine River tidal bore and the data 
were reported by BAZIN (1865). The results highlighted some different patterns of flow close to 
water surface and at deeper depths. Some observations were conducted in the Hangzhou Bay and 
Qiantang River by CHEN et al. (1990). TESSIER and TERWINDT (1994) also studied the bore in 
the Baie du Mont-Saint-Michel. In the Mersey River (UK), DAVIES (1988) reported some sharp 
increase of salinity 10 to 15 minutes after the bore on 12 July 1987.  
KJERFVE and FERREIRA (1993) reported a sudden jump in salinity 18 to 42 minutes after the 
bore, behind the tidal bore of Rio Mearim (Brazil). Their measurements were conducted 0.7 m 
above the bottom in an undular surge and they presented quantitative measurements of temperature 
change and salinity. They reported: "in shallow areas, the water boiled violently after the passage of 
the bore and became brownish-black". They also mentioned: "at times, the downstream flow 
resumed after passage of the bore for another 30 s before the flow again surged upstream", which 
was some unusual flow reversal pattern. The data showed maximum Reynolds stress beneath the 
wave crests, and high shear and scour just before and below each wave crest. Then the suspended 
eroded bed material was advected in the "whelps" and wave motion behind the first wave crest. A 
similar mechanism was anticipated by CHANSON (2001) and DONNELLY and CHANSON 
(2005).  
RULIFSON and TULL (1999) considered the impact of bores on striped bass spawning in tidal 
bore affected rivers in the Bay of Fundy (Canada) and they discussed the longitudinal dispersion of 
fish eggs in those rivers.  
Major damage to river banks and navigation were also repeatedly observed. The Qiantang River 
banks were frequently damaged and overtopped by the tidal bore for centuries (e.g. DAI and ZHOU 
1987). Between 1789 and 1840 more than 220 ships were lost in the Seine River "mascaret" in the 
Quilleboeuf-Villequier section (MALANDAIN 1988); a survey ship and two steam cutters were 
almost lost when Captain MOORE accidentally anchored in the Qiantang River estuary in 1888 
(MOORE 1888, DARWIN 1897); drowning in tidal bores and "whelps" were also frequently 
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reported: e.g., in the Seine River (MALANDAIN 1988) and in the Fly River (PNG) (BEAVER 
1920). 
Some researchers studied the effect of tidal bores on sediment mixing and advection. CHANSON 
(2001, 2004a) argued that sediment suspension is enhanced by strong wave motion behind undular 
bore for relatively long periods. Some strong wave motions were observed, lasting for more than 20 
minutes after the bore passage in the Dordogne River. CHANSON (2001) suggested some bed 
erosion and scour occurring beneath each undulation while the suspended matters are advected by 
the flood flow motion behind the bore. DONNELLY and CHANSON (2005) advanced the analysis 
and showed that the largest velocity gradients, and therefore shear stress leading to sediment 
erosion beneath the bore, exist under the crest of the wave undulation. They suggested that the 
cyclic loading induced by the free-surface undulations ("whelps") may further lead to liquefaction. 
Both studies were based upon a quasi-steady flow analogy and experimental data gained in 
stationary undular hydraulic jumps.  
Some ADCP data in the Dee River (UK), on 6 September 2002, was reported by SIMPSON et al. 
(2004). The instruments were buried by sediments and the ADCP recordings were limited, although 
they obtained data for velocity and elevation immediately after the bore arrival. The data showed a 
sudden increase in shear stress about 15 minutes after the bore passage. 
In the Daly River (Australia), a study of the bore passage was performed by WOLANSKI et al. 
(2004) at a site located 30 to 40 km upstream of the river mouth. They suggested that the undular 
bore had little influence on the sediment budget. During the event on 2 July 2003, at about 20 
minutes after the bore passage, a period of strong turbulence was observed for about 3 minutes. A 
tripod holding instruments was toppled down during this "turbulence patch". 
CHANSON et al. (2010b) performed turbulent velocity measurements in Garonne River during an 
undular tidal bore. Their data was collected in relatively long periods at high frequency (64 Hz). 
They observed some large and rapid fluctuations in turbulent velocity and suspended sediment flux 
during the tidal bore, which was not documented before. 
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Field researches of positive surge and tidal bores are summarised in table 2-1. 
Table  2-1 Field studies of positive surge and tidal bore 
Ref. Experiment/ Location Turbulence 
measurements 
Remarks 
LEWIS (1972) Field Experiments 
Dee River, UK 
 
Tidal bore 
KJERFVE and 
FERREIRA (1993) 
Field Experiments 
Rio Mearim, UK 
* 
Tidal bore 
NAVARRE (1995) Field Experiments 
Dordogne River, France 
 Tidal bore 
WOLANSKI et al. (2004) Field Experiments 
Ord River, Australia 
 Tidal bore 
CHEN (2003) Field Experiments 
 
 Tidal bore 
HUNTLEY (2003, Pers. 
Comm.) 
Field Experiments 
Dee River, UK 
* 
Tidal bore 
SIMPSON et al. (2004) Field Experiments 
Dee River, UK 
* 
Tidal bore 
WOLANSKI et al. (2004) Field Experiments 
Daly River, Australia 
* 
Tidal bore 
CHANSON et al. (2010b) Field Experiments 
Garonne River, France 
* 
Tidal bore 
MOUAZE et al. (2010) Field Experiments 
 Sélune River, France 
* 
Tidal bore 
CHANSON et al. (2011) Field Experiments 
Garonne River, France 
* 
Tidal bore 
REUNGOAT et al (2012) Field Experiments 
Garonne River, France 
 
Tidal bore 
FURGEROT et al. (2012) Field Experiments 
bay of Mont Saint 
Michel, France 
* 
Tidal bore 
CHANSON and co-workers conducted some field measurements in the Garonne River (France) on 
10 and 11 September 2010 and 7 June 2012, a few weeks after a major flood in April-May 
(CHANSON et al. 2011, REUNGOAT et al. 2012). They investigated the unsteady flow features in 
the tidal bore through some turbulent velocity measurements at high frequency of 64 and 50 Hz and 
some sediment concentration measurements. Some characteristics of the turbulent flow and 
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sediment processes including some unusual flow reversal were documented. Some high suspended 
sediment concentration was observed continuing for 10 minutes for about 100 seconds after the 
bore passage. Both studies were conducted on the same site while, in 2012, the earlier flood might 
have caused some scouring of the soft sediments in the river bed.  
FURGEROT et al. (2012) conducted some field study with a variety of instrumentations measuring 
the different parameters. The field studies were part of seven campaigns of field measurements 
conducted in 2011, who instrumented  twenty-three bores on three sites in the bay of Mont Saint 
Michel. 
2.4 Laboratory experiments 
Some early laboratory investigations were performed by BAZIN (1865), FAVRE (1935), 
ZIENKIEWICZ and SANDOVER (1957), SANDOVER and HOLMES (1962), BENET and 
CUNGE (1971). TRICKER (1965), PEREGRINE (1966), WILKINSON and BANNER (1977), 
TELES DA SILVA and PEREGRINE (1990) and SOBEY and DINGEMANS (1992) discussed the 
development of positive surges. Their studies were mostly limited to visual observations and some 
free-surface measurements. There are very few studies which include turbulent velocity data: YEH 
and MOK (1990), HORNUNG et al. (1995), KOCH and CHANSON (2008, 2009) and CHANSON 
(2010). HORNUNG et al. (1995) and KOCH and CHANSON (2008) conducted turbulent velocity 
measurements using PIV (particle image velocimetry) and ADV (acoustic Doppler velocimetry) 
techniques respectively.   
The flow pattern in two main types of surge (undular and breaking surges) studied by KOCH and 
CHANSON (2008) was overall consistent with FAVRE (1935) and TRESKE (1994). CHANSON 
(1996a) and KOCH and CHANSON (2008) also compared the characteristics of undular surge and 
undular hydraulic jumps. The differences between travelling positive surge and stationary hydraulic 
jumps have been emphasised in several studies (MONTES 1979, 1986, CHANSON and MONTES 
1995, KOCH and CHANSON 2008). KOCH and CHANSON (2008) showed that velocity 
redistribution pattern between trough and crest is different from previous observations beneath 
undular hydraulic jumps (e.g. HAGER and HUTTER 1984, YASUDA et al. 1993, CHANSON 
1995).  
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The pressure field beneath undular and breaking surge is different, as investigated by many 
researchers. Some experiment in stationary undular jumps by CHANSON and MONTES (1995), 
MONTES and CHANSON (1998), DONNELLY and CHANSON (2005) confirmed the higher 
pressure gradient compared to hydrostatic beneath the wave trough and lower pressure gradient 
beneath the wave crest. For undular bores with dconj/d0 close to unity, the energy dissipation was 
found to be negligible (CHANSON 1995, 2001). 
KOCH and CHANSON (2008) compared LEMOINE’s theory with early studies of FAVRE (1935), 
BENET and CUNGE (1971) and TRESKE (1994), and ANDERSEN’s theory with their 
experimental results. Their findings of wave length and wave amplitude were close to earlier 
experimental studies and theoretical considerations, but did not support claims that cnoidal wave 
theory has better agreement with experimental data (e.g. BENJAMIN and LIGHTHILL 1954, 
CHANSON 2010). 
KOCH and CHANSON (2008) observed the undular surges for Fr < 1.7 and 1 < dconj/d0 < 1.77. 
They showed that the maximum wave amplitude occurred for the flow condition immediately 
before the conditions for which some small wave breaking appeared at the first wave crest.  
CHANSON and TAN (2010) presented some physical modelling results highlighting the 
longitudinal dispersion process. Turbulent mixing of light particles were investigated through 
Lagrangian particle tracking beneath undular and breaking bores to complete the Eulerian turbulent 
mixing measurements in the same facility as KOCH and CHANSON (2008, 2009). They performed 
laboratory experiments using particles with spherical-shaped beads of 3.72±0.2 mm average 
diameter and corresponding relative density of 1.037±0.012, close to the physical property of 
striped bass fish eggs associated to some studies on fish eggs on Bay of Fundy performed by 
RULIFSON and TULL (1999). They observed rapid longitudinal dispersion of light-weight 
particles, and some selective dispersion depending upon the particle’s vertical elevation. The large 
scale motions of the particles were observed in the experiments highlighting the existence of large 
coherent vortical structures in tidal bores, as observed in previous physical and numerical studies 
(KOCH and CHANSON 2009, LUBIN et al. 2010). Such structures cause vertical mixing of water 
column, bed erosion and the longitudinal dispersion of fish eggs with the propagation of tidal bore. 
Experimental researches of positive surge and tidal bores are summarised in table 2-2. 
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Table  2-2 Experimental investigations of positive surge and tidal bore 
Ref. Experiment/ Location Velocity 
measurements 
Remarks 
FAVRE (1935) Laboratory Experiments 
Positive surge 
 Rectangular Channel  
Flume length: 73.8 m 
ZIENKIEWICZ and 
SANDOVER (1957) 
Laboratory Experiments 
Positive surge 
 Rectangular Channel  
Flume length: 12.2  m 
BENET and CUNGE 
(1971) 
Laboratory Experiments 
Positive surge 
 Trapezoidal Channel  
Flume length: 32.5  m 
 Prototype data, man-
made channel 
 
Oraison power plant intake 
channel 
Jouques-Saint Esteve intake 
channel 
TRESKE (1994) Laboratory Experiments 
Positive surge 
 Rectangular Channel  
Flume length: 100  m 
Trapezoidal Channel  
Flume length: 124  m 
CHANSON (1995) Laboratory Experiments 
Positive surge 
 Rectangular Channel  
Flume length: 20 m 
SOARES-FRAZÃO and 
ZECH (2002) 
Laboratory Experiments 
Positive surge/ undular 
 
Rectangular Channel 
KOCH and CHANSON 
(2005, 2008, 2009) 
Laboratory Experiments 
Positive surge 
* 
Rectangular Channel  
Flume length: 12 m 
DOCHERTY and 
CHANSON (2010) 
Laboratory Experiments 
Positive surge 
* 
Rectangular Channel  
Flume length: 12 m 
CHANSON and TAN 
(2010) 
Laboratory Experiments 
Positive surge 
* 
Turbulent mixing of neutrally-
buoyant particles under bore 
2.5 Numerical modelling 
Numerical modelling is a cost effective way of predicting flow characteristics in Engineering. In 
fluid mechanics related problems, numerical modelling can assist with providing the whole domain 
data (e.g. pressure and velocity distribution) while possibility of rebuilding the models is also an 
advantage. 
Some depth-averaged numerical simulations were applied to the bore problem. Several Boussinesq 
type models have been used to model the undular bores (e.g. WEI et al. 1995, SOARES-FRAZÃO 
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and ZECH 2002, TISSIER et al. 2011a), while the breaking bore have been traditionally modelled 
based on shallow water equations (BROCCHINI and DODD 2008). SOARES-FRAZÃO and 
GUINOT (2008) investigated some one-dimensional Boussinesq-type waves in rectangular 
channels with a second-order semi-implicit hybrid scheme.  
TISSIER et al. (2011b) investigated the bore dynamics of tidal bore for a range of Froude numbers 
through a fully nonlinear Boussinesq model SURF-WB. For breaking bore some disturbance were 
observed behind the roller toe (breaking front). They compared their numerical data with 
experimental data by SOARES-FRAZÃO and ZECH (2002). MADSEN et al. (2005) used a Saint-
Venant equation model on simulating the tidal bore of Huangzhou Bay and Qiantang River. Their 
results were shown to be in agreement with field data. The validation of such depth-averaged 
models was limited to free-surface data. 
More advanced numerical models are based upon CFD methods. The numerical results of applying 
the VOF method by HIRT and NICHOLAS (1981) were simply tested for the free-surface 
elevation. FURUYAMA and CHANSON (2010) developed a numerical model based on CIP-CUP 
method (cubic-interpolated pseudo-particle combined unified procedure) equipped with a large 
eddy simulation model (LES) and a re-initialisation method. The model was validated with a 
laminar dam-break problem and was applied to a weak breaking tidal bore. They compared their 
results to the laboratory experiments of KOCH and CHANSON (2005). Their numerical model 
lacked accurate numerical schemes and a fine mesh grid resolution, though some interesting 
features including some brief velocity reversal close to the bed were observed instantly after the 
passage of bore front. Such feature was also documented by KOCH and CHANSON (2009) and 
CHANSON (2009). 
LUBIN et al. (2010) used large eddy simulation method LES to characterise the turbulent mixing 
and found unsteady turbulent structures beneath tidal bore. The results were compared to the 
experimental data of KOCH and CHANSON (2005, 2009).  
SIMON et al. (2011b) extended similar numerical models (LUBIN et al. 2010) for a three 
dimensional simulation of weak breaking bore. The free surface profile and turbulence structures 
were investigated and the numerical data was compared to the experimental results of KOCH and 
CHANSON (2005, 2009). 
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Numerical researches of positive surge and tidal bores are summarised in table 2-3. 
Table  2-3 Numerical investigations of positive surge and tidal bore (rectangular channels) 
Ref. Numerical method Turbulence 
measurements 
Remarks 
HIRT and NICHOLAS 
(1981) 
Positive surge  CFD/VOF 
MADSEN et al. (2005) Positive surge  Saint-Venant equation model 
SOARES-FRAZÃO and 
ZECH (2002) 
Laboratory Experiments 
Positive surge/ undular 
 
Finite volume 
SOARES-FRAZÃO and 
GUINOT (2008) 
Positive surge  Finite volume 
FURUYAMA and 
CHANSON (2010) 
Positive surge * CIP-CUP/LES 
PAN et al. (2010) Positive surge   
LUBIN et al. (2010) Positive surge * CFD/LES/2D 
SIMON et al. (2011b) Positive surge * CFD/3D 
TISSIER et al. (2011a) Positive surge  Depth- averaged (fully nonlinear 
Boussinesq model) 
TISSIER et al. (2011b) Positive surge  high-order finite-volume finite- 
difference scheme 
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3. Theory and Dynamic Similarity 
3.1 Theoretical Analysis 
A tidal bore is a series of waves characterised by the sudden rise in free-surface and a discontinuity 
in velocity field, generated at the river mouth and propagating upstream in the river. The unsteady 
flow can be theoretically analysed assuming an incompressible Newtonian fluid motion and solving 
the continuity and momentum equations. The developments are shown in section 3.1.1. The effect 
of tidal bores on the sediment motion is also investigated in the present thesis. This could be 
explained through the forces acting on the bed particles. The theory related to the forces acting on 
the bed during the passage of a bore is presented in section 3.1.2. 
3.1.1 Tidal bore characteristics 
The characteristics of an incompressible Newtonian fluid can be described by the equation of 
conservation of mass and the Navier-Stokes equations. The continuity and momentum equation can 
be presented as (CHANSON 2011b):  

 + .  = 0 (3-1) 
  + .  = − +  ! + " (3-2) 
where ρ is the fluid density, V is the velocity vector and µ is the dynamic viscosity. 
The integration to the equations in a system of reference following the bore front leads to some 
relations between the fluid properties behind and after the bore: 
# + $ × &# = ' + $ × &' (3-3) 
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 × # + $ × &# × ()' × # + $ − )! × ' + $*
= +, × & −+, × & + -./01 −2 × 345 6
7879
 
(3-4) 
where A is the channel cross section perpendicular to the main stream flow and subscriptions 0 and 
1 relate to upstream and downstream sections, V0 and V1 are the mean velocities in two sections 
(Figure 3-1), U is the bore celerity and β is the velocity distribution correction factor, P is pressure, 
W is the weight force, FFric is the resistance force and θ is the bed slope. 
       
Figure  3-1 Definition sketch of tidal bore  
Some analytical solutions for the above equations can be achieved (LIGHTHILL 1978, CHANSON 
2012). With the assumption of horizontal bed and neglecting the effect of resistance force and the 
velocity distribution, the simplified momentum principle becomes: 
 × # + $ × &# × # − ' = +, × & −+, × &
7978
 
(3-5) 
which indicates the rate of change of momentum is equal to the net pressure force acting on the 
control volume. Assuming hydrostatic pressure distributions, the net force includes the increase in 
pressure force due to increase in fluid depth (ρg×(dconj-d0)) acting on the similar cross section as A0 
plus the pressure force acting on the area A1-A0. The latter can be found from: 
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+"(1:;< − =*& = '!"1:;< − #!>?
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(3-6) 
Herein d0 and dconj are respectively the initial depth and conjugate depth (where the depth has 
increased by the positive surge), y is distance normal to the bed with zero at the lowest depth on the 
bed and Bʹ is a characteristic free-surface width and B1< Bʹ <B2. Another characteristic free-surface 
width B can be defined as: 
+& = &' − &# = 1:;< − #>
78
79
 
(3-7) 
The continuity equation can be rewritten as: 
# − ' × &' = # + $ × &' − &# (3-8) 
The continuity equation, momentum equations and equations (3-6) and (3-7) can be combined to 
yield: 
(# + $) = @12 × " × &'> × &# ((2 − >
?>) × &# + >?> × &!) (3-9) 
(# − ') = @12 × " × (&' − &#)
!
> × &# × &' ((2 − >
?>) × &# + >?> × &') (3-10) 
Equation (3-9) can be expressed in dimensionless terms to yield: 
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-C# = (# + $)D" × &#>#
= @12 × &'&# × >#> ((2 − >
?>) + >?> × &'&#) (3-11) 
Equation (3-11) provides an analytical solution for the tidal bore Froude number as a function of 
cross section ratios in an irregular flat channel. B0 is the upstream cross section width as shown in 
Figure 3-1. The effect of bore celerity U is linked with the cross sectional areas in the above 
equations. Equation (3-11) can also be rearranged for the ratio of cross sectional areas A1/A0 as a 
function of upstream Froude number Fr0:  
&'&# = 12 ×
@2 − >?>
! + 8 >? >⁄>' >⁄ -C#! − 2 − >?>>?>
 
(3-12) 
The above equations are based on the momentum equation and are valid for a tidal bore in an 
irregular channel. The effect of cross sections shapes are accounted for through the ratios Bʹ/B and 
B1/B. In the particular situation of rectangular channel, the parameters Bʹ and B1 can be 
approximated by B (Bʹ≈ B1≈ B). Hence equations (3-9) and (3-10) would be simplified to the 
following: 
(# + $) = @12 × " × &'> × &# (&# + &') (3-13) 
(# − ') = @12 × " × (&' − &#)
!
> × &# × &' (&# + &') (3-14) 
Equation (3-13) can be rewritten in dimensionless term as: 
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-C# = (# + $)D" × &#>#
= @12 × &'&# (1 + &'&#) (3-15) 
The solution to the above equation leads to: 
&'&# = 12 D(1 + 8-C#!) − 1) (3-16) 
which is similar to Bélanger equation for hydraulic jumps on a rectangular horizontal channel 
neglecting friction (BELANGER 1841, CHANSON 2009, CHANSON 2012).  
In a rectangular channel, the equation (3-16) simplifies into: 
1:;<# = 12 × FD1 + 8-C#! − 1G (3-17) 
-C'-C# = 2
H/!
FD1 + 8-C#! − 1GH/!
 (3-18) 
where 
-C' = ' + $I"1:;< (3-19) 
The subscript 0 refers to the initial conditions of flow and the subscripts 1 and “conj” refers to the 
new (conjugate) flow conditions (Figure 3-1). 
The shape of tidal bore depends upon its Froude number Fr0. For Froude numbers between 1 and 
1.5, an undular bore is observed (KOCH and CHANSON 2008). The undular shape of the bore is 
shown in Figure 3-2 (left) in which the leading wave is followed by a train of undulations. The 
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breaking bore is observed for higher Froude numbers. As shown in Figure 3-2 (Right), in the 
breaking bore a sharp increase in water level occurs. 
          
Figure  3-2 Definition sketch of positive surge 
The inception and development of tidal bore is commonly predicted using the method of 
characteristics and Saint-Venant equations (e.g. HENDERSON 1966, CHANSON 2004b). The 
continuity and momentum equations (equations 3-1 to 3-19) would be satisfied after the bore 
formation. Immediately prior to bore formation, the Saint-Venant shallow water equations can be 
used with the assumption of negligible vertical velocities and hydrostatic pressure distributions.  
For a one dimensional flow with hydrostatic pressure distributions, equations (3-1) and (3-2) could 
be depth integrated to give the Saint-Venant equations (LIGGETT 1994, MONTES 1998, 
CHANSON 2004b): 
 + &> J +  J + > (&J)KL1:;MNO;N = 0 (3-20) 
 +  J = −" J + "(P# − P.) (3-21) 
where x is the streamwise coordinate, S0 is the bed slope and Sf is the friction slope (CHANSON 
2004b). 
Some simple solutions of Saint-Vennt equations may be achieved using a “simple wave” 
assumption with constant initial water depth and velocity for which S0 = Sf = 0 (CHANSON 2004b). 
The simple wave equation can be solved and the Saint-Venant equation becomes a characteristic 
system of following equations. 
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QQ ( + 2R) = 0 along J =  + R (forward characteristics) (3-22) 
QQ ( − 2R) = 0 along J =  + R (backward characteristics) (3-23) 
where C = Igd. The term V+2C appears constant for an observer moving along forward 
characteristics with the absolute speed of V+C and similarly V-2C appears constant for observer 
moving at speed of V-C along the backward characteristics. The simple wave characteristics can be 
applied to both positive and negative surges (REICHSTETTER and CHANSON 2011). 
3.1.2 Tidal bore on a movable bed: Forces acting on particles 
In an open channel flow with the movable bed, the forces acting on the sediment particles include 
the gravity force, the buoyancy force, the drag (shear) and the lift force, the reaction of the particle-
particle collisions, the longitudinal pressure force, the virtual mass force, the Basset history force 
and the magnus force.  
 
Figure  3-3 Sketch of forces acting on particles beneath a bore 
Any change in the flow velocity contributes to change in the hydrodynamic forces. The shear (drag) 
force, pressure gradient force and virtual mass force act in longitudinal direction and the Basset 
force and the reaction forces of the surrounding grains (inter-granular force) have also components 
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in the longitudinal direction. The virtual mass force and the Basset force are specific to the unsteady 
flows.  
Pressure gradient force 
The longitudinal pressure force acts on the bed materials when the pressure varies in longitudinal 
direction. For a particle, the longitudinal pressure force equals: 
-V = − ,J × &M × ℎM (3-24) 
where P is the pressure, As is the projected area of the particle and hs is particles height. For the 
spherical particle, As = πds2/4 and ds = particle diameter. 
During the passage of the bore, the pressure changes suddenly because of rapid change in water 
surface. The pressure gradient force may be estimated using the assumption of constant pressure 
gradient across the particle. For a spherical particle with diameter ds, the pressure force equals: 
-V = − ,J × X M
H
6  (3-25) 
where  
,J = " J (3-26) 
with d being the free surface elevation. For the large particles, the approximation of constant 
pressure gradient across the particle (equation 3-25) may not be appropriate, especially next to the 
roller toe where the longitudinal pressure gradient tends to an infinite value. Herein the pressure 
gradient forces were calculated based on the best fit of water surface profile during the passage of 
the bore.  
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Drag force 
The drag (shear) force retards the particles motion. In still water, the drag force on a free-falling 
particle is proportional to w02 where w0 is the particle fall velocity, ρ is the fluid density, As is the 
projected area of the particle (for the spherical particle is As = πds2/4) and Cd is the drag coefficient.  
-Z = 0.5RK	[#!&M (3-27) 
The drag coefficient is inversely related with the particle’s Reynolds number. In laminar flows 
(Rep< 1) around a spherical particle, the Stoke’s Law (STOKES 1845, 1851) suggestion for viscous 
incompressible fluid is: 
RK = 24 ]^_`  (3-28) 
where  
]^_ = 	[# M  ⁄  (3-29) 
For a turbulent motion around a spherical particle (ReP > 1000) the experimental data by BROWN 
and LAWLER (2003) suggests Cd ≈ 0.5.  
For natural gravel particles, the results from experiments by ENGELUND and HANSEN (1967) 
were best fitted by: 
RK = 24 ]^_` +1                 ReP < 1×104 (3-30) 
In the present study, the particle motion is predominantly in the horizontal plane and the relative 
velocity of particles is (Vx-Vs) which Vx is the instantaneous fluid velocity of the flow and Vs is the 
particle velocity, both positive downstream. The shear force may be expected as: 
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-Z = 0.5RK	a − M|a − M|&M (3-31) 
Virtual mass force 
The virtual mass force or the added mass force is added to a system when an accelerating or 
decelerating body moves some volume of surrounding fluid. For simplicity, it is modelled as some 
volume of fluid moving with the object. This force is expected as: 
-c0/NdOe = − − M × Rf ×g. (3-32) 
where mf is the fluid mass, Vs is the instantaneous particle velocity component which is equal to 
dx/dt and V is the flow velocity. The term V-Vs represents the relative velocity of particle in the 
flow. The term Cm is called the added mass coefficient which equals 0.5 theoretically for a solid 
sphere in an inviscid fluid (AUTON et al. 1988)  
Basset history force 
The Basset history force is a history term which indicates the resistance to motion due to 
unsteadiness of flow at any given time is a function of resistance at a previous time (BRUSH et al. 
1964).  
Inter-granular reaction force 
The resultant of reaction forces of the surrounding particles also act on the sediment particles. 
Particle collision with bed and grain-grain collisions were not measured in this study, but their 
effect is expected to be significant at the onset of particle motion and during the stoppage motion.  
Forces acting along the vertical direction (gravity force, lift force, buoyancy force and Magnus 
force) 
In the open channel flow with the movable bed, a number of forces act on the sediment particles. 
The gravity force, lift force, buoyancy force, the Magnus force and the inter-granular force (reaction 
force to particle-particle collisions), are the forces which act on the sediment particles and have 
component in vertical direction. The rotation of particle and angular velocity, introduce the Magnus 
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force in the direction normal to the particle relative motion. The angular velocity is controlled by 
the particle collision with the bed and it is hard to estimate. In the present study, the forces acting on 
particles in vertical direction are not considered and the equation of motion is investigated in 
longitudinal direction. However, the lift forces were measured to find their effect on the particles. 
The lift force acts on particles during the passage of the bore due to the fluctuation of instantaneous 
velocity. Near the bed, the lift force can be determined from this equation (JANG et al. 2011): 
-h = 'i RhXM!$O!  (3-33) 
where ρ = fluid density, ds = particles diameter, Ua = average relative fluid velocity in longitudinal 
direction and CL = the lift coefficient which according to MEI (1992) can be approximated by the 
following equation: 
RhRhM = (1 − 0.3314#.k) exp − ]^V10  + 0.3314#.k	opC	]^V ≤ 40 (3-34) 
Rh
RhM = 0.0524]^V
#.k	opC	]^V > 40 (3-35) 
where ]^V = $O/s; s =kinematic viscosity of fluid; Rht = 5.82'/!]^V'/!	 is the lift coefficient 
defined by SAFFMAN (1965);  = 0.5O/$O	the dimensionless velocity and O = u v;⁄  
mean value of velocity gradient. CL becomes independent of Rep for Rep > 40 and therefore 
increases linearly with α. 
Application of the equation of motion in the horizontal direction 
The equation of motion for a sediment particle on the horizontal channel bed, in the longitudinal 
direction gives: 
gM × M = -_ + -Z + -c0/NdOe + -wOMMxN (3-36) 
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In this study the Basset force was ignored in first approximation as the particles were initially 
immobile. The interaction forces between particles were not considered since this could not be 
estimated and the effect of surrounding particles were neglected although it is acknowledged to be a 
gross approximation. Further the application was limited to the case of spherical particles in a 
horizontal channel. The equation of motion can be simplified into: 
gM × (M) ≈ -_ + -Z + -c0/NdOe (3-37) 
3.2 Dimensional Analysis 
The analytical, physical and numerical study of turbulent mixing beneath tidal bores includes the 
effect of a variety of relevant parameters: fluid properties, physical constants, channel geometry, 
flow condition, boundary condition and the effect of air entrainment. Physical studies in the 
laboratory are performed considering the geometrical similarities with the prototype, through 
geometric scaling ratio Lr. 
z/ = z_/:N:N{_xzf:Kxe  (3-38) 
Herein Lr is typically much bigger than one. 
Dynamic similarities also need to be considered for physical modelling of tidal bores. The number 
and combinations of parameters for similitude can be determined through dimensional analysis. 
The turbulent velocities and pressure at each point in the tidal bore flow on rough bed can be 
resolved through different parameters. For a rectangular channel, dimensional analysis gives: 
a, {, , , = -'(J, =, v, , , ",  , }, ~, >, #, #, $, M, 6 … ) (3-39) 
where x, y and z are respectively the longitudinal, transverse and vertical position of the control 
volume, t is the time, g gravity, ρ and µ water density and dynamic viscosity of water, δ the 
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boundary layer thickness (the distance from bed at which the viscous flow velocity is 99% of the 
freestream velocity), B the channel width, d0 and V0 the initial depth and velocity of flow, U the 
bore celerity, ks roughness height, θ the bed slope and σ is the surface tension between air and 
water. In equation (3-39), the relevant characteristic length scale for a tidal bore is the upstream 
initial flow depth d0. In dimensionless term the above equation yields: 
a# , {# , # , ,"# = -'( J# , =# , v# , @ "# , # + $I" × # , 
(# + $) × # ,
~# , ># , " ×  

 × }H 	 , M# , 6, …  
(3-40) 
The dimensional analysis shows that the instantaneous flow properties at a location (x, y, z) and 
time t are functions of the Froude number, Reynolds number and Moreton number (fifth, sixth and 
ninth terms in right hand of equation (3-40)). 
The parameters relevant to inception of movable boundary beneath a tidal bore include the same 
parameters as the fixed boundary while the sediment properties (particle’s size and shape and 
sediment relative density) substitute to the bed roughness and the particle’s velocity is an additional 
variable. Dimensional analysis gives:  
a, {, , M, , = "'J, =, v, , , ",  , }, ~, >, #, #, $, P, M, 3ℎ^,
6, …  
(3-41) 
where ds is the particle size and S is the sediment relative density. In equation (3-41) the turbulent 
properties at a position (x, y, z) and a time t are expressed as functions of channel geometry, fluid 
properties, initial flow properties and tidal bore properties. In dimensionless terms equation (3-41) 
may be rewritten as following: 
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a# , {# , # , M# , ,"# = "!( J# , =# , v# , @ "# , # + $I" × # ,
 (# + $) × # , ~# , ># , " ×  

 × }H 	 , P, Pℎ^, M# , 6, …  
(3-42) 
3.2.1 Remarks 
Physical modelling of prototype geometry could be performed through geometrical similarity. 
Dynamic similarity of the model and prototype is also necessary in fluid mechanics but there are 
usually too many relevant dimensionless parameters (π-terms) such as Froude number and 
Reynolds number. In the modelling of the breaking bore, the gravity effects are of higher 
importance compared to viscosity, thus a Froude similarity is commonly chosen (HENDERSON 
1966, CHANSON 2004 a, b). Scale effects exist when the rest of π-terms are not similar in the 
model and prototype. A real dynamic similarity would be achieved in a geometrically similar model 
if the similarity of all the π-terms is achieved. In such turbulent flows, viscosity and surface tension 
effects are negligible if the velocity is reasonably small in prototype. Unless, the scale effects due to 
viscosity should be considered and minimized.  
Hydraulic modelling of movable beds is one of the most complicated types of models. It is difficult 
to scale both the fluid motion and sediment movements. Bed roughness is a function of bed 
geometry and sediment transport (CHANSON 2004a, b). Early studies on movable bed showed that 
the time scale governing the fluid flow and the sediment motion are different (HENDERSON 1996, 
GRAF 1971). Any movable-bed model has to be verified and calibrated before being used as a 
prediction tool (CHANSON 2004a, b). It is also essential to select an adequate similitude for 
physical modelling of tidal bore. 
3.3  Discussion 
The theory and equations governing the breaking bore on a fixed and movable bed were presented 
in previous sections. The dimensional analysis and scale effects were also discussed. Still the effects 
of some parameters were ignored in different stages. Some assumptions were made and some 
limitations exist due to deficits of our knowledge and instrumentations. 
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The effect of bed friction was neglected in the analytical solutions for tidal bore Froude number 
(equation 3-11). The friction force can be included in the momentum equation (equation 3-2) to the 
end of calculation. The effects of bed friction on hydraulic jump properties were investigated 
experimentally by CHANSON (2012) on irregular channels. Equation (3-43) expresses the 
relationship between upstream Froude number and the conjugate cross sectional area ratio (A1/A0) 
in an irregular shaped channel, considering the presence of resistance force. 
-C# = @12 × &'&# × >#> F2 − >
?>G + >?> × &'&# + &'&' − &# × -./01" &#! >⁄  (3-43) 
The theoretical solution suggests smaller ratio of conjugate cross section areas (A1/A0) for similar 
Froude number in presence of flow resistance to satisfy momentum considerations. This is in 
consistency with physical data in rectangular channel (LEUTHEUSSER and SCHILLER 1975, 
PAGLIARA et al. 2008) and irregular channel (CHANSON 2012). The effect of resistance force 
decreases with the increase of Froude number and becomes small for Fr0 > 2-3 (upstream Froude 
number) depending on the properties of cross section (CHANSON 2012). 
Some other limitations in the following study include the assumption of non-cohesive material in 
our study. Tidal bores usually occur in the estuary zones where cohesive sediments cover the bed. 
In most of the tidal rivers (e.g. Garonne River (France), Dordogne River (France), Daly River 
(Australia)), the bed material consists of cohesive mud mixtures. Here in this study, the non-
cohesive sediments were used to investigate the breaking bore on the rough bed. Also the inter-
granular forces were indirectly estimated through the measurements of other forces in spite of their 
enormous effects on sediment motion. This assumption could have some effect on the results. The 
effect of particle-particle collision was frequently observed to be dominant during the onset and also 
deceleration of particles. 
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4. Physical Modelling of Tidal Bores 
4.1  Experimental facilities and instrumentation 
4.1.1 Experimental channel 
The experiments were performed in a rectangular channel, 0.5 m wide and 12 m long, made of 
smooth PVC bed and glass side walls in the Hydraulic laboratories in the University of Queensland. 
A constant head tank supplied the water in the channel fed by a large intake basin (2.1 m long, 1.1 
m wide and 1.1 m height). The intake led to the test section through a smooth convergent. A fast 
closing tainter gate was located at x = 11.5 m downstream of the channel upstream end (Figure 4-1), 
where x was zero at the upstream end of the channel and positive downstream. The tainter gate 
could be closed rapidly, completely or partially, to generate a tidal bore propagating upstream into 
the channel. 
For all the experiments, the PVC bed was covered with a series of plywood sheets, 1.2 m long and 
0.5 m wide, covered by natural blue granite gravels (density 2.65) which were sieved between 4.75 
mm and 6.70 mm, glued in resin and covered by a spray gloss surface finish. The setup was called 
the fixed gravel bed configuration. For the second setup, a 1.2 m long section about x = 5 m was 
replaced with a smooth-painted plywood sheet covered by a layer of loose gravels evenly spread 
prior to the start of each experiment. The gravels were not transported during the steady flow and 
remained stationary before the bore passage. On both sides of the 1.2 m long mobile bed section, 
the fixed bed setup was identical to the fixed gravel bed setup. Figure 4-1 shows a sketch of the 
channel test section, with some pictures of the instrumentation. 
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(A)  
(B)  (C)  
Figure  4-1 Experimental channel and instrumentation (A) sketch of the channel test section, upstream bore 
propagation and some instrumentation (B) ADV head above the rough bed (C) water depth measurement tool 
4.1.2 Instrumentation  
Two orifice meters designed based on British Standards (British Standard 1943) were used to record 
the initially steady discharge. The steady flow depths were measured using rail mounted pointer 
gauges. Some acoustic displacement meters (ADM) MicrosonicTM Mic+25/IU/TC were installed 
between x = 4 to 10.8 m above the water surface to detect the unsteady water elevations where x is 
the distance from the channel upstream end. The displacement meters were calibrated in steady 
flow conditions against the rail mounted pointer gauge measurements for several water depths, and 
they were mounted above the channel centreline.  
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An acoustic Doppler velocimeter (ADV) NortekTM Vectrino+ (serial No. VNO 0436) was installed 
at x = 5 m to measure the turbulent velocity fluctuations. The ADV system was equipped with a 
three-dimensional side looking head (Figure 4-1(B)). The longitudinal velocity component Vx was 
aligned with the longitudinal flow direction, Vy was the velocity in the transverse direction positive 
towards the left sidewall and Vz was the vertical velocity positive upwards. A high speed data 
acquisition system (NI DAQCard-6024 E) was used to sample the ADV and the acoustic 
displacement meter at a frequency of 200 Hz per channel.  
Note that the water depths were measured above the top of the gravel bed using a semi-circular 
footing with a 25.1 cm2 area. The distance from ADV head to the rough bed was also adjusted using 
a similar footing when higher than 7 mm (Figure 4-2). 
 
Figure  4-2 Sketch of the channel test section and instrumentation 
The movable bed set up was used for the second series of experiments. For all experiments, the 
observations were conducted between x = 4 to 6 m. In 2010, the experiments were performed in the 
Hydraulic Laboratory in Gordon Mckay building at University of Queenslan (UQ). Some video 
movies were recorded with a digital video camera PanasonicTM NV-GS300 (25 fps) through the left 
glass of the long channel. The video camera was used to record the water surface fluctuations and 
bed load motion during the passage of the bore for the movable bed configuration. Each second of 
the recorded video were later converted to 25 frames to track the sediment particles. In 2011, the 
experiments were performed in the same channel installed in Seddon building in UQ. The video 
camera was installed at the right side of the channel at x = 5 m, observing an area between 4.5 < x < 
5.5 m from the right glass wall and recording the bore propagating from downstream to the 
36 
 
upstream. The video camera was a digital HD video camera model Sony HDR-SR11E/SR12E (25 
fps). 
 
Acoustic Doppler velocity metrology 
An acoustic Doppler velocimeter (ADV) was used to record the instantaneous velocity components 
in a small sampling volume. The data were recorded with relatively high frequency based on 
Doppler shift effect (e.g. VOULGARIS and TROWBRIDGE 1998, MCLELLAND and 
NICHOLAS 2000). The probe head included a transmitter and four receivers. The ultrasonic signal 
was transmitted from the transducer positioned in the centre of sensors. The reflection from the 
particles in the sampling volume located 5 cm beside the transmitter, was detected by the 
backscattering receivers. Some clay powder was added to the water to increase the quality of 
signals. The ADV provided the three instantaneous velocity components. The sampling time for 
steady analysis was 60 seconds. Since the sampling rate was 200 Hz, this gave 12000 data points to 
characterise the steady turbulent flow properties.  
ADV data post-processing 
Turbulent velocity measurements were conducted using acoustic Doppler velocimetry (ADV). The 
quality and accuracy of the velocity data were linked with the signal strength, signal-to-noise ratio 
and correlations, which were recorded for each velocity component. The signal strength could also 
be related to instantaneous concentration of suspended sediments, if calibrated properly (e.g. 
FUGATE and FRIEDRICHS 2002, NIKORA and GORING 2002, VOULGARIS and MEYERS 
2004). Herein, the signal-to-noise ratio and correlations were used to ascertain the data quality in 
steady flow. 
The post-processing of ADV data was conducted for all steady and unsteady data with the software 
WinADV32-version 2.027. For the steady flows, the post processing included a velocity signal 
check and some despiking. In the velocity signal check, the communication errors were removed. 
Also the data with average signal to noise ratio less than 5 dB or average correlation values less 
than 60% were removed. The phase-space thresholding technique proposed by GORING and 
NIKORA (2002) and extended by WAHL (2003) was used for despiking the velocity data.  
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In unsteady flows it is not possible to apply the above post-processing (e.g. CHANSON 2008 & 
2010b, KOCH and CHANSON 2009). Herein the communication errors were removed and 
replaced by linear interpolation. No further signal processing was performed in unsteady flows. 
 Synchronisation of acoustic displacement meters, ADV and video camera 
The ADV and acoustic displacement meters were synchronized within +/- 1 ms. All the acoustic 
displacement meters were tested at the start of each set of experiments. Data collection was 
achieved by a data acquisition system using the software VI Logger. 
(A)  
(B)  
Figure  4-3 Upstream bore propagation with ADV positioned at x = 5 m (A) blocking the ADV for the 
synchronisation purpose (B) the ADV head placing on the gravel bed and the bore propagation towards 
upstream. Q = 0.050 m3/s, d0 = 0.14 m (view from right side) 
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One channel was connected to the ADV output Vx which was the velocity component in 
longitudinal (x) direction. The ADV unit was also connected to a dedicated data acquisition system. 
Since two different data acquisition systems were used for acoustic displacement meters and the 
ADV, the data needed to be synchronized. Here, Vx was obtained from both data acquisition 
systems and thus used for synchronising the two systems. 
Another set of experiments was carried out using the ADV and the video camera simultaneously. 
Both instruments (ADV and video camera) were synchronised mechanically. A piece of aluminium 
was installed in the same section as the ADV; it could be rotated around a hinge and block the ADV 
beams. The blockage could be installed and removed in less than 0.04 to 0.08 s. Each time, the 
ADV head was blocked for a few seconds, and the ADV data showed the start and end of 
mechanical blockage, and this action was recorded in the video file. Figure 4-3(A) shows a picture 
of blocking the ADV. Some ADV data in terms of longitudinal fluid velocity are presented in 
Figure 4-4(A); the data shows that ADV has been blocked between 15 to 20 seconds (Figure 4-
4(A)).  
Figure 4-3(B) shows a picture of ADV head positioned on the gravel bed and the instantaneous 
longitudinal velocity during the passage of the bore is presented in Figure 4-4(B).  
(A) (B)  
Figure  4-4 Longitudinal fluid velocity measurements by ADV (A) blocking the ADV for the synchronisation 
purpose (B) upstream bore propagation. Q = 0.050 m3/s, d0 = 0.14 m 
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4.1.3 Experimental flow conditions and tidal bore generation 
The experiments were conducted with the same initially steady water discharge: Q = 0.05 m3/s and 
initial water depth d0 = 0.136 m measured at x = 5 m. This was the highest possible discharge to 
prevent overflow in the channel during the bore passage. The initial flow conditions were identical 
for both fixed and movable gravel bed configurations. 
The generation of the tidal bore was performed by the rapid closure of the tainter gate. After 
closure, the underflow gate opening ranged from 0 to 100 mm. By changing this opening, both 
breaking and undular bores could be generated with the same identical initial flow conditions. After 
the gate closure, the tidal bore moved upstream, and the acoustic displacement meters sampled non-
intrusively the water surface elevation along the channel centreline. The ADV sampling volume 
was located on the channel centreline at x = 5 m. For each experiment, the data acquisition was 
started 60 s prior to the tidal bore generation. The gate closure took place in 0.1 to 0.15 s. Each 
experiment was stopped once the bore reached the channel upstream end. Note that the gate was 
similar to the one used by KOCH and CHANSON (2009) and DOCHERTY and CHANSON 
(2012). Figure 4-5 shows a picture of breaking bore generation by complete closure of the gate.  
 
 
Figure  4-5 Breaking bore generation, Q = 0.050 m3/s, d0 = 0.136 m, U = 0.87 m/s, Fr = 1.39 (view from left side 
with steady flow from right to left and bore generation on the left). 
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Four different sets of experiments were performed, and the findings are presented in the following 
sections. A list of the experiments, including their main features, is presented in table 4-1. The same 
long channel was utilised in all experiments, although the channel was installed in two different 
laboratories in 2010 and 2011. 
Table  4-1 Experimental flow conditions for turbulent measurements 
Series 
Bed 
Type 
Instrumentation 
Year of 
Experiments 
Location of 
Hydraulic 
Laboratory 
Fr  
Bore 
Type 
Presented in 
Chapter 
Series 0 
Fixed 
Bed 
ADV, ADM 2010 
Gordon 
Mckay 
1.19-1.32 
1.36-1.39 
Undular 
Breaking 
4.2, 
Appendix B 
Series 1A 
Mobile 
Bed 
ADV, ADM 2010 
Gordon 
Mckay 
1.17 
1.39-1.41 
Undular 
Breaking 
4.2 
Series 1B 
Mobile 
Bed 
Video Camera, 
ADM 
2010 
Gordon 
Mckay 
1.17 
1.39-1.41 
Undular 
Breaking 
4.3 
Series 2 
Mobile 
Bed 
ADV, Video 
Camera and 
ADM 
2011 
Seddon 
Building 
1.3-1.4 Breaking 4.3 
Note: Fr = tidal bore Froude number 
4.2  Turbulent Mixing 
4.2.1 Presentation 
Turbulence has the ability of considerable mixing from the largest eddies to the smallest molecular 
scale with enormous effect on environmental and engineering issues (GARRET 1983). Mixing 
(entrainment), dispersion (stirring) and diffusion (molecular mixing) are some characteristics of 
turbulence. Some experiments in this study included generating both undular and breaking tidal 
bores on fixed and mobile beds. The unsteady turbulent mixing beneath breaking and undular bore 
was investigated through visual observations and velocity measurements. The flow beneath 
breaking bore was found to be highly turbulent with a lot of air bubbles entering the breaking roller 
(Figure 4-6(A)) while no air bubbles were observed beneath the undular bore (Figure 4-6(B)).  
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(A)  (B)  
Figure  4-6 Bore propagation from left to right (A) breaking bore (B) undular bore- Q = 0.050 m3/s, d0 = 0.136 m  
Table  4-2 Experimental flow conditions for turbulent measurements 
Bed 
configuration 
Gate opening 
(mm) 
Q 
(m3/s) 
d0 
(m) 
Vo 
(m/s) 
U 
(m/s) 
z/d0 Fr 
Bore 
type 
dconj/d0 dmax/d0 aw/d0 aw/Lw 
Fixed Bed 
(series 0) 
0 
60 
0.050 
0.052 
0.136 
0.136 
0.73 
0.73 
0.87 
0.63 
0.613 
0.605 
1.39 
1.19 
Breaking 
Undular 
1.63 
1.28 
N/A 
1.49 
N/A 
0.178 
N/A 
0.026 
Mobile Bed 
(series 1A) 
0 
60 
0.051 
0.050 
0.136 
0.136 
0.73 
0.73 
0.87 
0.61 
0.613 
0.613 
1.40 
1.17 
Breaking 
Undular 
1.64 
1.30 
N/A 
1.51 
N/A 
0.167 
N/A 
0.025 
Notes: d0: initial water depth; dconj: conjugate depth; dmax: water depth of first wave crest; z/d0: relative vertical elevation; Fr: tidal 
bore Froude number; aw: wave amplitude of first wave length; Lw first wave length; Q: discharge; All data were recorded at x = 5 m. 
Turbulent velocity measurements were conducted at high frequency over a large period to ensure 
that the small eddies and viscous dissipation processes were resolved as well as the largest vortical 
structures. The data collected using acoustic displacement meter (ADM) and acoustic Doppler 
velocimeter (ADV) were used to perform steady and unsteady analyses. Table 4-2 summarises the 
experimental flow conditions for the turbulent velocity measurements  
4.2.2 Turbulent velocity measurements 
Some turbulent velocity measurements were conducted with the ADV head locating in different 
elevations above the rough fixed and mobile beds. The velocity data recording was started during 
the steady flow condition; then the gate was closed after about 2 minutes of steady flow to record 
the velocity fluctuations during the bore propagation and finally the recording was stopped when 
the bore reached the upstream end of the channel. The turbulent velocity measurements were 
42 
 
performed for experiments series 0, 1A and 2 (see table 4-1). Figure 4-7 presents some typical 
results in terms of the water elevation above the bed and turbulent velocity components. Both 
graphs were obtained for a similar Froude number Fr at same relative elevation z/d0, but for the two 
types of bed configuration: fixed and mobile. Herein Vx, Vy and Vz were respectively positive 
downstream, towards the left sidewall and upwards.  
 
(A) Fixed gravel Bed 
   
(B) Movable gravel bed 
Figure  4-7 Instantaneous turbulent velocities in a breaking tidal bore (A) on fixed bed (B) on mobile bed - Q = 
0.05 m3/s, d0= 0.136 m, U = 0.87 m/s, Fr =1.4 
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The propagation of the bore front was associated with a rapid rise of the water surface during the 
breaking roller passage followed by some residual undulations for Fr = 1.4. For fixed and mobile 
beds at all elevations, the propagation of the bore roller was linked with some strong longitudinal 
deceleration and some positive instantaneous vertical velocities. The former is seen in Figure 4-7, 
while the latter is seen in Figure 4-8.  
(A)  
(B)  
Figure  4-8 Maximum instantaneous vertical velocity beneath the tidal bore roller and corresponding free-surface 
vertical velocity on mobile and fixed gravel beds, comparison with the ensemble-averaged data of DOCHERTY 
and CHANSON (2010) (A) Fr = 1.18 (undular bore) (B) Fr = 1.4 (breaking bore) 
Figure 4-8 presents the maximum instantaneous vertical velocities at several relative elevations z/d0 
for two Froude numbers. Both fixed and mobile bed configuration data are shown. In Figure 4-8, 
the results are compared to the ensemble-averaged data of DOCHERTY and CHANSON (2010). 
As expected, the maximum velocities (present study) were higher than the ensemble-average data of 
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DOCHERTY and CHANSON (2010) at all elevations. The general trend demonstrated the 
existence of an upward momentum flux during the bore front passage (Figure 4-8). 
The experimental data showed further the existence of a transient recirculation next to the bed: that 
is, the longitudinal flow deceleration, which took place with the bore arrival, yielded some negative 
longitudinal velocities Vx. This can be seen in Appendix C, Figures C-2. Such a recirculation is 
linked with large turbulent stresses next to the bed. Close to the bed, the negative transient 
recirculation velocities were large with both mobile and fixed bed configurations, and significantly 
larger than those observed on smooth bed (KOCH and CHANSON 2009). The findings were 
consistent with the data of DOCHERTY and CHANSON (2012). They tended to imply that the 
transient recirculation was linked to the boundary friction, as shown by recent numerical results 
(LUBIN et al. 2010, FURUYAMA and CHANSON 2010). Some large vertical velocity fluctuations 
were observed shortly after the bore passage (Appendix B, Figure B-17).  
Further the results showed that, for the same Froude number and same relative elevation z/d0, the 
longitudinal velocity on mobile bed did not reach the maximum instantaneous negative velocities 
observed on the fixed bed for relative elevations higher than 0.1. For example, in Figure 4-7 the 
maximum instantaneous negative velocity is observed on the fixed bed just after the bore arrival, 
while the instantaneous velocity stays positive after the bore arrival on the mobile bed. This could 
be due to some energy dissipation in the form of energy transfer to move the gravel particles behind 
the bore. Some work is required for moving the sediments and NIELSEN (2009) suggested that it is 
usually of the same order of magnitude as the energy dissipation in the bottom boundary layer. 
Turbulence characterisation 
The variable interval time average technique (VITA) was used to characterise the turbulence in 
breaking and undular tidal bores. The velocity and pressure in the unsteady flow could be defined as 
an average component plus a turbulent component (PIQUET 1999, KOCH and CHANSON 2009). 
In a steady flow, the time-average velocity may simply be defined: 
 = 1 ×   × ́
N/!
N/!
 
(4-1) 
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In an unsteady flow, a time average is not meaningful. When the long term and short term 
fluctuations have different frequencies, V	can be represented by a low-pass filtered component or 
variable interval time average VITA (PIQUET 1999). The turbulent velocity v would be the 
deviation of the instantaneous velocity from the average velocity V (low-pass filtered):  =  − V. 
A cut-off frequency Fcutoff is required to result in a greater characteristic time 1/ Fcutoff with respect 
to characteristic period of turbulent fluctuations and small with respect to characteristic period of 
the time-evolution for the mean properties. The upper and lower limits of the filtered signals were 
the Nyquist frequency (herein, 100 Hz) and a frequency corresponding to the period of undulations 
(herein, 1/(0.8s)=1.25 Hz). The final cut-off frequency was selected based on the sensitive analysis 
similar to analyses by KOCH and CHANSON (2008) and DOCHERTY and CHANSON (2010) 
and it yielded Fcutoff = 2 Hz, which was about 0.6 of the undulation period. This result was applied 
to all the velocity components. Some examples of the low-pass filtered velocities at the relative 
elevation of z/d0 = 0.36 is shown in Figure 4-9. The instantaneous and VITA velocities for other 
relative elevations are presented in Appendix C. 
  
Figure  4-9 Instantaneous and variable interval time average velocities for Vx, Vy and Vz, Fcutoff = 2 Hz, Q = 0.05 
m3/s, Fr = 1.4, z/d0 = 0.36 
The instantaneous Reynolds stress tensor components were calculated based upon turbulent velocity 
fluctuations  =  −  . The dimensionless graphs were plotted to compare the Reynolds stress 
components in different elevations in the flow and also for different Froude numbers and different 
bed types. Some results are presented in Figures 4-10 to 4-13. The complete data sets are reported 
in Appendix D. 
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Figure  4-10 Dimensionless Reynolds stresses for the steady flow as a function of dimensionless water level prior 
to the bore passage on both fixed and mobile beds 
In Figure 4-10, the dimensionless Reynolds stresses at relative vertical elevations z/d0 are presented 
for the steady flow conditions, before the bore propagation on both fixed and mobile beds. No 
specific difference was observed between the Reynolds stress components on fixed and mobile bed 
(note that there was no sediment motion on the mobile bed setup).  
Figures 4-11, 4-12 and 4-13 illustrate the dimensionless Reynolds stress components as a function 
of dimensionless time during the bore propagation. In each graph, two components of the Reynolds 
stress tensor and the dimensionless free surface elevation are presented. Figure 4-11 shows the 
results for an undular bore with Fr = 1.17 on mobile bed. Figures 4-12 and 4-13 present the 
dimensionless Reynolds stress components during the passage of a breaking bore with Fr = 1.4 on 
both mobile and fixed beds. More similar graphs are presented in the Appendix D, showing the 
dimensionless Reynolds stress components as functions of dimensionless time for different Froude 
numbers Fr in varied elevations on both fixed and mobile beds. The turbulent stress results revealed 
some features of the turbulent during passage of the tidal bore. 
Different patterns of fluctuation in Reynolds stress were observed before and after the bore passage. 
In the steady flow conditions on the rough gravel bed, the Reynolds stress components, v!, v! and 
v! exhibited significant fluctuations next to the bed and the fluctuations decreased by increasing the 
elevation (Appendix D). This observation was also supported by Figure 4-10. The other 
components (v! , v!  and v! ) were small close to the bed but raised with the increasing distance 
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from the bed (Appendix D). The time-averaged tangential Reynolds stress components were 
generally small close to the free surface. 
With the arrival of the bore, the Reynolds stress level increased close to the water surface (e.g. 
Appendix D, Figures D-8). The rapid generation of turbulence during the decelerating phase of 
some oscillatory pipe flow and change of velocity profile distribution was also observed by HINO 
et al. (1975) and JENSEN et al (1989). Some sharp fluctuations were observed at all elevations and 
for all components of Reynolds stress tensor. The velocity fluctuations at mid elevations were 
similar before and after the bore passage, but some increase in fluctuations was recorded (e.g. 
Appendix D, Figures D-7, D-15). 
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(A)  
(B)  
(C)  
Figure  4-11 Dimensionless Reynolds stresses for undular bore on mobile bed - Q = 0.05 m3/s, d0 = 0.136 m 
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(A)   
(B)  
(C)   
Figure  4-12 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.3 for breaking bore (Fr = 1.4) on mobile bed - Q = 0.05 m3/s, d0 = 0.136 m 
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(A)   
(B)   
(C)   
Figure  4-13 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.3 for breaking bore (Fr = 1.4) on fixed bed - Q = 0.05 m3/s, d0 = 0.136 m 
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Short periods of large normal stress v! were observed after the breaking bore passage (e.g. Figure 4-
14). The data suggested the occurrence of patches of turbulence previously observed by 
WOLANSKI et al. (2004) and found in the numerical results by LUBIN et al. (2010). Some patches 
of turbulence were also observed in undular bores beneath some wave crests (CHANSON 2011). 
Some data are shown in Figure 4-14. The turbulence fluctuations related to the passage of the bore 
continued about 2 seconds; after 1.5 seconds of small fluctuations, another patch of turbulent was 
observed. 
    
Figure  4-14 Dimensionless Reynolds stresses for undular bore on mobile bed: the clouds of turbulence observed 
1.5 seconds after the previous turbulent fluctuation passed, Q = 0.05 m3/s, d0 = 0.136 m 
Medians of Reynolds stress components on different levels (z/d0) from fixed and mobile bed were 
compared for the steady phase of the flow (table 4-3). The Reynolds stress components calculated 
from VITA analysis ( =  − )	were found to be higher in mobile bed compared to the fixed bed.  
Table  4-3 Medians of Reynolds stress components and total kinetic enery on fixed and mobile bed (steady flow) 
Bed Type 
Q 
(m3/s) Fr z/d0 
Median values (m2/s2)  
vx
2 
 vy
2 
 vz
2 
 
TKE 
Mobile 0.05 1.4 0.25 0.00166 0.00072 0.00328 0.00283 
Fixed 0.05 1.4 0.25 0.00154 0.00052 0.00294 0.0025 
mobile 0.05 1.4 0.3 0.00192 0.00083 0.00306 0.002905 
fixed 0.05 1.4 0.3 0.00153 0.00061 0.00312 0.00263 
Note: total Kinetic energy (TKE) = (vx2+vy2+vz2)/2 
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The total kinetic energy (TKE) calculated based on the normal Reynolds stress also indicated higher 
values on mobile bed. 
The velocity data for both breaking and undular bores indicated that, close to the bed, the magnitude 
of the longitudinal velocity component was smaller on mobile bed than on the fixed bed. Also, at 
the lowest relative elevation (z/d0 = 0.09), the transient recirculation velocities were larger and took 
place for a longer period in the breaking bore than during an undular bore propagation. 
4.3 Sediment inception and transient motion 
4.3.1 Experimental results 
Some bed load motion occurs due to the bore passage. During the mobile gravel bed experiments, 
the sediment particles were tracked and their motion was recorded with the video-camera. About 15 
to 20 video movies were made for each tidal bore experiment. For each video recording, 5 to 15 
particles were tracked typically. Altogether over 400 particle motions were analysed. 
The visual observation and video recording were performed for experiments with undular and 
breaking bores and illustrated no major motion beneath the undular bore. A few particles rotated in 
their location during the passage of an undular bore but hardly any transition of particles were 
observed.  
In contrast to the undular bore, many particles moved during the passage of the breaking bore. 
Figure 4-15(A) shows a sample of initial positioning of the coloured tracked sediments. The particle 
motion relative to the tidal bore propagation was compared with three characteristic points of the 
breaking bore free-surface (Figure 4-15(A) and (B)). These were (1) the start of the upward free-
surface curvature (point 1, Figure 4-15(B)), (2) the toe of the bore roller (point 2, Figure 4-15(B)) 
and (3) the location where the conjugate depth was observed (point 3, Figure 4-15(B)).  
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 (A)  
                     (B)   
Figure  4-15 Particle tracking study frame (A) bed load particle tracking: the middle frame (grey rectangle 10 < 
X < 36) shows a sample frame used for tracking particle E. X is defined positive towards upstream while x is 
positive downstream- Q = 0.051 m3/s, movable gravel bed, Fr = 1.4, Gate opening: h = 0 (B) definition sketch of 
characteristic points 1, 2 and 3 on the breaking bore 
Figure 4-16 presents some results for the bed load motion and gravel particle motion for the 
experiment shown in Figures 4-15(A). In Figure 4-16, the horizontal axis represents 0.50 m and X 
is positive upstream: that is, a particle motion towards the right side of the picture in Figures 4-
15(A). The motion of the sediment particles, named A to Q (Figure 4-15(A)), in two run of 
experiments is presented and compared with upstream propagation of the three characteristic points 
of the bore free-surface in Figures 4-16(A) and 4-16(B). 
During the breaking tidal bore (Fr = 1.4), at least 10 to 15 gravel trajectories were easily tracked for 
a minimum of 0.2 s in each video. The video movies were analysed frame by frame to track the 
sediment motion and the trajectories of individual particles (Figure 4-16). The total number of 
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particles in motion was much larger in each video movie, but only particle within the depth of field 
of the camera lens were tracked (Figure 4-15(A)). For the undular bore experiment (Fr=1.17), the 
sediment movement was negligible. In each video, at most two sediment particles moved shortly, 
typically for less than 0.1 s. That is, this was mostly some form of particle rotation rather than a 
change of absolute position. Altogether, the bed load motions of about 200 particles are presented in 
Appendix E. 
(A)  
(B)  
Figure  4-16 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0, (A) run 13, series 1 (B) run 14, series 1 
The water surface profile and the shape of the bore were characterised when the bore reached about 
the middle of the study frame, and they were used to estimate the longitudinal pressure gradient on 
the gravel bed material during the bore passage. Figure 4-15(A) shows the study frame extending 
X(cm)
Ti
m
e(s
)
-5 5 15 25 35 45 50
5.5
5.9
6.3
6.7
A B
C
D
EF
G
H
I
J
K
L
M
N
O P
Q
R
mobile bed, Fr=1.4 (run13)
point 3
point 2
point1
X(cm)
Ti
m
e
(s)
-5 5 15 25 35 45
3.6
4
4.4
4.8
AB C
F I
D
E
G
H
J
KL
M
NO
mobile bed, Fr=1.4 (run14)
Point 3
Point 2
55 
 
from X = 10 cm to X = 36 cm while X is positive upstream. In Figure 4-17 the water surface 
profiles are presented such that point 2 is in the middle of study frame (X = 23 cm). The visual 
observation as well as the analysis of the video pictures indicated that the tidal bore shape fluctuated 
around a mean shape (Figure 4-17). The instantaneous free-surface profiles for 15 runs and the best 
fit (solid line) is presented in Figure 4-17; X2 is the longitudinal coordinate of the roller toe 
(location 2) and X is the longitudinal distance positive upstream.  
The trajectories for characteristic points 1, 2 and 3 have also been re-grouped (Figure 4-18). The 
best fit for point 2 was also found and is shown in the Figure 4-18. 
For the breaking tidal bore (Fr = 1.4), a large number of particles were set into motion and moved 
upstream behind the bore. The physical observations demonstrated that the inception of gravel 
motion was associated mostly, although not always, with the passage of the roller toe (point 2, Fig. 
4-15(A, B)) as illustrated in Figure 4-16. The upstream particle velocity during the bore passage 
was typically 0.12 to 0.14 m/s. For comparison, the upstream advection speed of characteristic 
points 1 to 3 was 0.89 m/s in Figure 4-16(A), that was very close to the observed bore celerity U = 
0.87 m/s (table 4-2). However the present data showed two main particle behaviours. Some 
particles were advected upstream very rapidly: e.g., particles K, B, J in Figure 4-16(A) and B, G, H 
in Figure 4-16(B). The majority of the particles were convected upstream at a slower rate. For 
example, particles I, N, H, M, A in Figure 4-16(A) and A, C, F in Figure 4-16(B). 
 
Figure  4-17 Average bore profile (red) and the pressure gradient force investigated from equation (2-2). Q = 0.05 
m3/s, movable gravel bed, Fr = 1.4, Gate opening: h = 0 (series 1B)  
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Figure  4-18 Characteristic points of the breaking bore free surface (series 1B) 
The particle tracking was performed for three set of flow conditions (table 4-4). In each case 15 
runs were repeated. The runs with breaking bore were synchronised in terms of 3 characteristic 
features of the breaking roller, during the breaking tidal experiments. These were the location 1 
where the free-surface started to rise gradually, the point 2 corresponding to the roller toe and point 
3 located at the top of the roller (Figure 4-15). A close scrutiny suggested that the roller toe (point 
2) was the most prominent feature of unsteady flow and sediment motion. 
Table  4-4 Experimental flow conditions for particle tracking and turbulent measurements  
Experiment 
series 
Bore type Bed Type Instrumentation Year Q (m3/s) Fr d0 (m) U (m/s) 
Series 1 Breaking Mobile bed 
ADV & ADM 
Video camera & ADM 
2010 0.05 1.39-1.41 0.136 0.86-0.9 
Series 1 Undular Mobile bed 
ADV & ADM 
Video camera & ADM 
2010 0.05 1.17 0.136 0.61 
Series 2 Breaking Mobile bed 
Video camera & ADV & 
ADM 
2011 0.05 1.3-1.4 0.14 0.82-.87 
Notes: d0:  initial water depth; U: the bore celerity; Fr:  tidal bore Froude number; Q: discharge; All data were recorded at x = 5 m. 
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4.3.2 Forces acting on particles 
Presentation 
Following the theoretical derivations in section 3.1.2, the forces acting on the bed sediment particles 
were estimated. The particle tracking provided the velocities and acceleration of the particles during 
their motion. This information was processed to provide the measurements of total forces, drag 
forces and virtual mass forces during the particles motion. The total force was: 
-N:NOe = gM × (M) = gM ×  (4-2) 
where ms and Vs are particle mass and instantaneous velocity. The drag force acting on the particle 
was estimated as:  
-Z = 0.5RK	a − M|a − M|&M (4-6) 
where the term V-Vs represents the relative velocity of particle in the flow, Cd is the drag 
coefficient, ρ is the fluid density and As is the projected area of the particle (for the spherical 
particle is As = πds2/4). The calculations were performed assuming spherical particles. For the gravel 
particles, an approximation of the drag coefficient is (CHANSON 2004): 
RK = 1.5 + 24 |a − M|M ]^V < 1 × 10

 
(4-7) 
where ds is the particle diameter, µ is the dynamic viscosity and Rep is the particle Reynolds 
number	]^_ = 	M M  ⁄ . For ]^_ > 1 × 10H the approximation of RK ≈ 1.5 was used for the 
drag force measurements.  
The virtual mass force was calculated as: 
58 
 
-c0/NdOe = − (a − M) × Rf × g. (4-8) 
where the added mass coefficient (Cm ) is equal to 0.5 theoretically for a solid sphere in an inviscid 
fluid (AUTON et al. 1988), mf is the fluid mass, Vs is the instantaneous particle velocity component 
which is equal to dx/dt and V is the fluid velocity. The term V-Vs represents the relative velocity of 
particle in the flow. Table 4-5 lists the fluid and particles properties used in the shear and virtual 
mass force calculations. 
Table  4-5 Fluid and gravel particle properties used in movable bed experiment 
ds (m) ρs (kg/m3) ρ (kg/m3) µ (Pa.s.) ReP Cd 
0.005725 2650 997.05 8.94E-04 1920 1.5 
The longitudinal pressure gradient during the passage of the bore was estimated from the bore free 
surface profile (Figure 4-17). The best fit of the bore profile was used and the pressure gradient 
force data are presented in Figure 4-17. The longitudinal pressure gradient force on each particle 
was estimated as 
-V = − ,J × X M
H
6  (4-3) 
where 
,J = " J (4-4) 
with d being the free surface elevation. The term  J⁄  was found from the bore free surface 
profile. At X-X2 = 0 (the location of the bore toe, characteristic point 2), the pressure gradient 
tended to an infinitive value. Assuming the constant bore celerity –|U|, the term X-X2 (cm) was 
replaced by T-T2 (s) using equation (4-4):  
 − ! = −|$| × ( − !) (4-5) 
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Herein two particles upstream and downstream of the bore toe are considered as shown in Figure 4-
19. Particle A is located in a position upstream of the roller toe (point 2). The time T2(A) denotes 
when the point 2 of the bore would pass just above the particle (A). For an instant (T) shown in the 
frame, T-T2(A) would be negative. Particle B is in downstream of the roller toe (point 2) and the 
time T2(B) denotes the instant when the bore toe passed above the particle B, so for an instant (T), 
T-T2(B) is positive. 
                       
Figure  4-19 Schematic of the breaking bore propagation: the particles position in relation to the characteristic 
point 2 of the bore  
Series 1: V = VVITA 
In experiments series 1, the parameter Vx-Vs was measured from the low pass filtered (VITA) 
velocities (Vx) deduced from the instantaneous velocity data of experiments series 1A recorded with 
the ADV sampling at z/d0 = 0.06 (z = 8 mm) and using the particle velocity (Vs) from series 1B (see 
table 4-1). It is acknowledged that Vx = (Vx)VITA did not characterise the instantaneous velocity 
component, but a mean data trend. During the experiments series 2, both Vx and Vs were sampled 
simultaneously and synchronously. 
For each tracked particle, the physical data provided the net force (F = m×a) acting on each particle, 
and the longitudinal pressure gradient, virtual mass and shear (drag) force were calculated. A 
number of data trends were observed. Some particles reached the highest acceleration when the 
pressure gradient force was the maximum, while some started to move before or after the maximum 
pressure gradient instant.  
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Figure 4-20 shows the forces acting on single particle (A) in a set of experiment (run 13). T2 is the 
time when the particle is exactly beneath the roller toe (point 2). T-T2 = 0 is the moment when the 
bore toe passed right above the particle. The data suggested that the pressure gradient force had the 
largest impact on the particle motion inception while the virtual mass force had the least effect 
(Figure 4-20). The shear force acting on the particle reduced dramatically with the bore arrival and 
when compared to the pressure gradient force, it was not the driving force. With increasing time, 
the pressure gradient decreased and the effect of shear force on the particle motion increased. The 
combination of the two forces moved the particle upstream for a substantial distance. The particle 
stopped when neither pressure gradient nor shear forces acted on the particle.  
Some particles had a very small acceleration and their motion was mostly rotation. Other particles 
did saltate with very high initial accelerations, sometimes even as large as twice the gravity 
acceleration (Figure 4-31). Some particles tended to move after the highest pressure gradient instant 
(T > T2) (e.g. Appendix E, Figure (I)); some reached to a very high velocity |Vparticle| > |Vflow|. 
(Figure 4-34 presents the maximum particle velocities.) Further information on particle acceleration 
and velocity are presented in section 4.3.3. 
    
Figure  4-20 Pressure gradient force, drag force and virtual mass force acting on a particle while the breaking 
bore passed above the particle. The net force on the particle is also shown (green filled circles). Q = 0.051 m3/s, 
Fr = 1.4, d0 = 0.136 m (series 1) 
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The forces acting on about 200 particles were ensemble-averaged to find the main trends. The drag 
force data are presented in Figure 4-21. This process was also performed for the virtual mass force 
(Figure 4-22) and the resultant force (F = m×a) (Figure 4-23). The best fits were found and 
presented on each graph. The pressure force is also presented in each graph to show the position of 
the roller toe (point 2) for ease of comparison.  
(A)  
(B)   
Figure  4-21 Shear forces acting on particles during the passage of the breaking bore (A) the result for 95% of the 
particles (B) the results for 5% of the particles (series 1) 
The experimental data implied that the shear forces acted on particles with a specific trend as shown 
in Figure 4-21(A). For 95% of the particles the trend showed the decrease in shear force with the 
bore arrival and a negative shear force once the bore toe passed above the particles. The negative 
drag force corresponded to the transient flow recirculation observed at the sampling location next to 
the bed (section 4.2.2). The rest (5% of particles) experienced higher, long lasting shear forces 
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(Figure 4-21(B)). Note that the vertical axis scales of the two graphs in Figure 4-21 are not the 
same.  
Figure 4-22 shows the virtual mass forces acting on particles upstream and downstream of the bore 
toe. The experimental results suggested a relatively small contribution of virtual mass force 
compared to the pressure force and shear force. 
 
Figure  4-22 Virtual mass forces acting on particles during the passage of the breaking bore (series 1) 
 
Figure  4-23 Net force acting on particles during the passage of the breaking bore (series 1) 
Figure 4-23 shows the net forces acting on the particle. This force was estimated from the measured 
particle acceleration. Based on equation (4-2), the resultant of all external forces acting on particle 
would cause the particle acceleration. The comparison between experimental data for resultant force 
and pressure gradient force implies that next to the onset of sediment motion, the pressure force was 
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very close to the resultant force, suggesting the predominance of pressure gradient force during the 
inception of motion. 
Series 2: V = VInstantaneous 
In the experiments series 2 an ADV was used to record the instantaneous velocities in a control 
volume close to the bed and the instantaneous velocity data were used to estimate Vx-Vs (see table 
4-1). The same experimental channel was used for the new set of experiments (Figure 4-1(A)). The 
ADV and video camera were used simultaneously to track the particles, and record the flow field 
and Reynolds stresses. The ADV head was located in different levels close to the bed: i.e., sampling 
volume at 10.8, 15.8 & 20.8 mm above the gravel bed. In the final set of experiments, the ADV was 
positioned directly on the bed (sampling volume at 5.8 mm above the bed) and some particles 
located directly beneath the ADV head were glued to prevent localised scouring. A summary of 
experimental flow condition in new setup of experiments is presented in table 4-5. The forces acting 
on the particles during the passage of the bore were calculated using the same basic equations 
(equation 4-2). But the drag force, virtual mass force and total force resultant were calculated using 
the instantaneous fluid and particle velocities deduced from ADV and video camera recordings. The 
drag force and virtual mass force were measured for each particle in 0.04 second time-steps. The 
aim of the instantaneous use of ADV and video camera was to track the particles, while the flow 
field and Reynolds stresses in the vicinity of the particle was documented.  
 (A)  (B)    
Figure  4-24 Pressure gradient force, drag force and virtual mass force acting on particles A and D while the 
breaking bore passed above the particle. The net force (F = -m×a) on the particle is also shown. Q = 0.050 m3/s, 
d0 = 0.14 m (series 2) 
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Figure 4-24 shows the instantaneous forces acting on 2 particles during a same run. T-T2 = 0 is the 
moment when the bore roller toe passed right above the particle. The fluid velocities were measured 
simultaneously during the video recording, and the shear and virtual forces were expected to be the 
instantaneous forces acting on the particles. Note that the instantaneous velocities were measured 
with the ADV head locating on the gravel bed and the sampling volume at about 6 mm above the 
bed, compared to dk#~5.7mm. 
In Figure 4-24 the virtual mass forces (shown in thin dashed-lines) changed rapidly just behind the 
bore. The dimensionless drag forces and virtual mass forces acting on about 200 particles are 
presented in Figures 4-25 and 4-26. The dimensional forces are presented in the Appendix F.  
 (A)  
(B)  
Figure  4-25 Shear forces acting on particles during the passage of the breaking bore (A) the result for 97% of the 
particles (B) the results for 3% of the particles (series 2) 
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Figure  4-26 Virtual mass forces acting on particles during the passage of the breaking bore (series 2) 
The particle velocity was found from the change in the position of the particles in every 0.04 s and 
the particles acceleration was measured from the differences between velocities in each time step 
(∂V ∂t⁄ ). The best fit of the total force data for about 200 particles is presented in Figure 4-27. The 
negative force at the inception of sediment motion acted on the particles in the upstream direction. 
Then the negative force decreased before changing direction; that is, the force acted on the particle 
towards downstream until the particle stopped moving. 
 
Figure  4-27 Total forces acting on particles during the passage of the breaking bore (series 2) 
The simultaneous velocity data were used further to investigate the effect of lift force on the particle 
motion. The visual observations during the particle tracking and video analysis gave a subjective 
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impression of some initial particle upward motion at inception. The lift force acting on the particle 
was estimated following the theoretical derivations in section 3.1.2, based upon the fluid velocity 
data obtained with the ADV head located next to the gravel bed. 
The calculations were performed for a single particle. The instantaneous velocity during the passage 
of the bore was measured at different elevations above the bed. The median of the instantaneous 
longitudinal velocities was found for different elevations during the passage of the bore. Figure 4-
28 shows the time variations of the velocity for different runs during the passage of the bore and 
their median with the ADV head located at z = 5.8 mm. For each time step, the median of 
instantaneous velocities measured at three different levels (0, 5.8 mm and 10.8 mm) was used to 
investigate the velocity profiles close to the rough bed surface. The velocity profile close to the bed 
can be presented as a logarithmic or second order regression; herein the quadratic regression was 
selected to force Vx = 0 m/s at the bed (z = 0, no-slip condition). The median velocities at z = 5.8 
mm and 10.8 mm were used. 
  
Figure  4-28 Instantaneous velocities measured with ADV located on the bed (z = 5.8 mm)  
Some velocity profiles are shown in the Figure 4-29. They are also compared with the steady 
velocity profile found in the same channel close to the fixed gravel bed. The velocity profile was 
investigated for discharges of 54 l/s using a Pitot-tube.  
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 Figure  4-29 Instantaneous velocity profiles on the movable bed during the passage of the bore (∆T = T-T2) 
The instantaneous lifting forces acting on a particle during the passage of a bore was calculated as: 
-h = 'i RhX!a!  (4-9) 
where ρ = fluid density, d = particle diameter, Vx = average relative flow velocity in longitudinal 
direction and CL = the lift coefficient which according to MEI (1992) can be approximated by the 
following equation 
RhRhM = (1 − 0.3314#.k) ^J − ]V10 + 0.3314#.k	opC	]V ≤ 40 (4-10) 
Rh
RhM = 0.0524]V
#.k	opC	]V > 40 (4-11) 
where ]^V = /s; s =		kinematic viscosity of fluid; Rht = 5.82'/!]^V'/!	 is the lift coefficient 
defined by SAFFMAN (1965);  = 0.5/	the dimensionless velocity and  = a v⁄  mean 
value of velocity gradient. CL becomes independent of the particle Reynolds number for Rep > 40 
and therefore increases linearly with α. At each time step, Ua and ψa were estimated from averaging 
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flow velocities and the differentiation of the quadratic regression (velocity gradient	a v⁄ ) from 
zero to z = 0.005 m (top of the particle).  
The flow characteristic were similar through all the experiments (Q = 0.05 m3/s, d0 = 0.14 m). The 
particle’s Reynolds number Rep was found more than 40, so the lift coefficient was found from 
equation (4-11). 
Figure 4-30 shows the velocity gradient and the lift force fluctuations during the passage of the 
bore. The findings showed a lift force which was about 10% of the particle’s submerged weight. 
Such a lift force was not large enough to overcome the particles submerged weight, but the reduced 
vertical force on the particle could lead to less friction between the particles, hence a reduce inter-
granular force resultant. 
When the lift force equals the weight of the particle, a tiniest drag force could be enough to 
initialize the particle motion. It was shown that the lift force due to steep velocity gradient was 
much less that the weight of particles. Lift forces could also be caused as a result of upward velocity 
component including the turbulence adjacent to the bed, explaining the upward motion of some 
particles. 
  
Figure  4-30 Lift force acting on the movable bed during the passage of the bore (from zero elevation to the top of 
the particle z = 0.005 m) Q = 0.05 m3/s, movable gravel bed, Fr = 1.4, Gate opening: h = 0 
4.3.3 Comparison between series 1 and series 2 results  
A comparison between experiments series 2 (instantaneous velocity measurements) and series 1 
(low pass filtered velocity) were performed to provide some understanding of the different 
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parameters influencing the inception of sediment motion. The facilities, flow characteristics and 
type of analysis for experiments series 1 (2010) and series 2 (2011) are compared in table 4-6. The 
experiments were performed with the same discharge 0.05 m3/s in the same channel. Some 
differences in the flow characteristics and the bore shape was observed in the new set of 
experiments compared to series 1 results.  
Table  4-6 Experimental facility and flow characteristics for the 2010 and 2011 experiments 
 2010 2011 
Laboratory Hydraulic laboratory at Gordon 
McKay building in the University 
of Queensland 
Hydraulic laboratory at Seddon 
building in the University of 
Queensland 
Investigated bores  Breaking & Undular bores Breaking bore 
Velocity measurement elevations 
(above the bed) used for force 
calculations, z (mm) 
8  6, 11 and 16  
Number of Tracked particles ~200 ~200 
Flow rate (m3/s) 0.05 0.05 
Channel dimensions (m) 12 ×0.5×0.5 12 ×0.5×0.5 
Channel Slope 0.002 0 
Froude number 1.2 to 1.4 1.3 to 1.4 
Method for drag and added mass 
estimates  
VITA velocity data Simultaneous fluid and particle 
velocity measurements 
 d0 (m) 0.136  0.140 
 U (bore celerity) (m/s) 0.6 to 0.9 0.82 to 0.87 
In the experiments series 1, the low-pass filtered (VITA) velocity component of the instantaneous 
velocity data was used for the fluid velocity during the passage of the bore. The same longitudinal 
velocity data was used for all the experiments. During the series 2 data, the fluid velocity was 
measured for a sampling volume close to the particle path of motion in each experiment. Thus the 
results are expected to be more accurate in experiments series 2. 
There are still some limitations with the velocity measurements in the experiments series 2 (2011). 
The ADV measurements were performed for a fixed sampling volume during each experiment, 
while the particles velocities were found in each time step of the particle position. Even though the 
drag and virtual mass force were measured using the ‘true’ velocities, we assumed the fluid velocity 
to be identical in the vicinity of the ADV head. Since the fluid velocity was not measured at the 
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particle position, the calculations of shear and virtual mass forces were based upon some 
approximation. 
Figure 4-31 compares the maximum acceleration of particles during the passage of the bore for both 
set of experiments. The particles acceleration reached to higher amounts in 2010 (series 1) 
experiments. The histograms of particle maximum acceleration, maximum velocity and average 
velocity for both years (series) of experiments are presented in Figures 4-31 to 4-34. The particle 
had larger acceleration in series 1 (more than 10 m/s2) and the maximum acceleration could happen 
up to 0.4 s after the passage of the bore. In series 2 the particles maximum acceleration were less 
than 10 m/s2 and happened in T-T2 < 0.25 s. A larger number of particles also had smaller velocities 
in experiments series 2 (2011) while in experiments series 1 (2010), particles reached higher 
velocities which also lasted longer.  
2011 experiments 2010 experiments 
(A) (B)  
Figure  4-31 Maximum acceleration during the passage of the breaking bore (A) 2011 experiments, 200 particles 
(B) 2010 experiments, 200 particles  
(A) (B)  
Figure  4-32 The histogram of the particle maximum accelerations (A) 2011 experiments (B) 2010 experiments  
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(A)  (B)  
Figure  4-33 Histogram of particle average velocities (A) 2011 experiments (B) 2010 experiments  
 
(A)  (B)  
Figure  4-34 Histogram of particle maximum velocities during the passage of the breaking bore (A) 2011 
experiments (B) 2010 experiments  
Table 4-7 compares the median and mean for each histogram. The mean and median of particles 
maximum acceleration and velocity were generally higher in experiments series 1 (2010). 
Table  4-7 Median/mean of the maximum particles acceleration and average and maximum particles velocity, 
experiments series 1 and 2  
 Maximum acceleration (m/s2) Maximum velocity (m/s) Average velocity (m/s) 
Median/Mean 
Series 1 3.96/ 4.45 0.18/ 0.20 0.10/ 0.11 
series 2 2.17/ 2.60 0.12/ 0.14 0.08/ 0.08 
The particles acceleration and velocity were found from the video camera recording. Both sets of 
experiments were performed with the discharge of about 0.005 m3/s in the same channel and using 
similar particles. A more in depth comparison would be necessary to justify the difference between 
particles velocity and acceleration in two sets of experiments. Some parameters which could affect 
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the particles motion were the channel slope, the bore celerity, the longitudinal pressure gradient 
force and possible recirculation. The slope in series 1 was 0.002 compared to zero in series 2, which 
could have a negative effect on the particles motion towards upstream. Therefore it could not 
explain the differences. The longitudinal VITA velocities are also compared for few set of 
experiments in series 1 and 2 in Figure 4-35; the results are overall comparable.  
 (A)  
(B)  
Figure  4-35 Instantaneous and VITA longitudinal fluid velocity close to the gravel bed during the passage of the 
bore, Q = 0.05 m3/s, Fr = 1.4 (A) series 1 experiments, sampling volume at z = 8 mm above the movable bed (B) 
series 2 experiments, sampling volume at z = 5 & 10 mm above the movable bed  
The bore celerity in each experiments was found from the free surface elevation data obtained by 
three acoustic displacement meters (ADM) located at x = 4, 5 & 6 m downstream of the upstream 
end of the channel. The results showed that the bore celerity was up to 9% higher in experiments 
series 1. This is also shown in Figure 4-36 where the propagation of three characteristic points on 
the bore is compared in experiments series 1 and 2. Comparing the bore toe (point 2) in Figure 4-36, 
the dashed thick red line has a lower slope (series 1) compared to blue continues line (series 2), 
which shows higher speed of the bore propagation in experiments series 1. The higher particle 
velocity and acceleration during the passage of the bore in experiments series 1 can be linked to the 
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higher bore celerity. The pressure gradient force was also higher (about 50%) in experiments series 
1 at the inception of sediment motion (Figure 4-37). This could be also relevant to higher particle 
acceleration during the onset.  
Figure 4-36 compares the trend lines of characteristic points for experiments series 1 and 2, each 
found from more than 20 set of experiments. The characteristic points were expected to travel with 
the same velocity although the characteristic point 1 (where the free surface starts to rise rapidly) 
showed a slightly different pattern in series 2 results. It is believed that the inaccuracy might be 
human error since the location of the characteristic points had to be determined through visual 
observation. The comparison between points 2 and 3 in both experiments, showed some similarity 
in terms of the bore propagation. 
 
Figure  4-36 Characteristic points of the breaking bore free surface  
The pressure gradient force was measured based on the bore free surface profiles averaged over 40 
runs. Figure 4-37(A) shows the best fits to the bore shapes for both series 1 (2010) and 2 (2011) 
experiments.  
In experiments series 2 the bore roller had a milder slope at the bore toe (point 2) compared to 
series 1. The resulting pressure gradients acting on a particle beneath the bore are shown in Figure 
4-37(B) for both experiments series 1 and 2. The different bore shapes led to small differences in 
pressure gradients beneath the bore.  
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(A)      
(B)  
Figure  4-37 A comparison of experiments series 1 and 2 in terms of (A) tidal bore average free surface profile (B) 
pressure gradient force on the mobile bed during the passage of the bore Q = 0.05 m3/s, movable gravel bed, Fr = 
1.4, Gate opening: h = 0  
Figures 4-38 to 4-40 summarise the respective contribution of the forces acting on about 200 
particles on the movable bed during the passage of the breaking bore. The best fit for each set of 
data are presented in the figures. During the steady flow the shear force fluctuated around a mean 
value and was equal to the particle interaction force component in absence of particle motion. The 
shear force decreased with the sudden decrease in velocity. During the transient recirculation 
through the flow reversal, the shear force acted on the particle in the negative direction (towards 
upstream). The best fit to the virtual mass force is also presented in the graph. The virtual mass 
force tended to act in the reverse direction of particle motion, but its magnitude was small. 
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The longitudinal pressure gradient force caused by the sudden change in free surface profile is the 
predominant force at the inception of particle motion. The decrease in shear force results in a lesser 
downstream force. The negative shear force behind the bore played a role in the extent of particle 
motion, although the negative shear force did not last long and the particle motion ended rapidly. 
The forces acting on the particles were also compared between the two sets of experiments (series 1 
and 2). The experiments were carried out in the same channel, although with some different 
features. These differences led into different shape of the bore as shown in the Figure 4-37(A). The 
pressure forces were calculated from the bore shape (4-37(B)). 
The drag forces acting on the particles are shown in Figure 4-38(A) and (B).  
 (A)  
(B)  
Figure  4-38 Drag forces acting on the particles, comparison between series 1 (2010) and 2 (2011) results 
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The trend line for forces acting on 97% of the particles of 2011 experiments and 95% particles of 
2010 experiments are compared. The simultaneous measurement of particle velocities indicated the 
long term impact of the drag force on particles. The results showed that the drag forces pushed the 
particles upstream during the particle’s motion while its effect tended to increase for 0.3 second 
(Figure 4-38(A)).  
In 6 sets of experiments out of 200, a large positive drag force was observed which caused the 
deceleration of particles. Comparing this 3% with drag forces acting on 5% of the particles in 2010 
experiments, the positive drag forces were also found to be much higher in 2011 measured from the 
simultaneous data (Figure 4-38(B)). 
The virtual mass force acting on the particles are compared in the Figure 4-39 for both sets of 
experiments. The virtual mass force showed more scatter in 2011 experiments although the trend 
lines were very similar. The comparison between all the forces is presented in Figure 4-40. The 
same discharge and the same channel were used for both sets of experiments. The shape of the bore 
and some flow characteristic had small differences. The main difference was in the measured fluid 
velocity. In 2011 the simultaneous measurement of the particle and fluid velocity yielded to a 
different trend for the drag force on the particles. For other forces the trend lines were comparable 
(Figure 4-40).  
  
Figure  4-39 Virtual mass forces acting on the particles, comparison between series 1 (2010) and 2 (2011) results 
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Figure  4-40 Forces acting on the particles, comparison between experiments series 1 (2010) and 2 (2011)  
4.4 Discussion  
The physical data demonstrated the intense gravel bed load motion during the breaking bore 
propagation, as well as no sediment motion in the initially steady flow or beneath the undular bore, 
for the same initial flow rate. Physically, for a particle initially fixed on the bed, the propagation of 
the breaking bore was associated with a combination of several de-stabilizing processes including 
some transient upward irrotational velocity linked with ideal fluid flow motion, a highly turbulent 
motion and a pressure wave. For a mobile layer sheet flow, SLEATH (2000) introduced a 
dimensionless number S defined as the ratio of particle acceleration to the reduced gravity 
acceleration: 
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In this study, the maximum particle acceleration was observed along the x-direction. For the data 
shown in Figure 4-16(B), the maximum acceleration was about 5 m/s2 on average. Altogether this 
(T-T 2)×(g/d 0)0.5
F/
((s
-
1)ρ
gpi
d s
3 /6
)
-1 0 1 2 3
-2
-1
0
1
Pressure force 2011
Pressure force 2010
Drag force 2011
Drag force 2010
F=-ma 2011
F=-ma 2010
Virtual mass force 2011
Virtual mass force 2010
78 
 
yielded a dimensionless parameter S about 0.3, for which the assumption of quasi-steady sediment 
transport rate is invalid in the mobile layer (SLEATH 2000). 
Further the larger flow depth behind the bore implies a negative pressure gradient , J	⁄  close to 
the bed that is proportional to: 
, J	 ∝ 	"1:;<⁄ − # ∝ -C − 1    (4-12) 
The pressure gradient is proportional to the maximum free-surface slope. A key difference between 
undular and breaking bores is the flow discontinuity at the roller toe where the local free-surface 
curvature is basically infinite. Since the observations showed the onset of sediment motion at the 
roller toe passage, it is thought that the longitudinal pressure gradient force might play a dominant 
role in the sediment motion inception. With the irrotational motion, the free-surface is a streamline 
and the upstream bore propagation was characterised by an upward streamline curvature, hence a 
rapid pressure and velocity redistributions including a transient positive vertical velocity (Figures 4-
7 and 4-8) which might add to the particle destabilization. Turbulence shear contributed further to a 
drag force acting in the upstream direction during the transient recirculation seen in Figure 4-7. For 
example, for the data shown in Figures 4-16(B) and 4-7, the maximum acceleration force was about 
1.3 × 10−3 N per particle, while the longitudinal pressure gradient force was about 5.9 × 10−4 N on 
average per particle and the maximum drag force was less than 6 × 10−4 N per particle. All these 
processes added together and contributed to the gravel bed load inception and upstream advection 
of gravel particles behind the bore front. 
The existence of highly turbulent motion beneath the tidal bore roller showed the generation of 
large scale vortices beneath the breaking bore front and their advection behind the bore front. This 
was documented numerically by LUBIN et al. (2010) and is discussed in the Chapter 5 and 6 in 
terms of numerical modelling. The VITA analysis of the unsteady flow also demonstrated some 
characteristics of the turbulent mixing beneath the bore. Some turbulence patches were observed 
after the bore passage. They were previously observed by WOLANSKI et al. (2004) during field 
experiments and LUBIN et al. (2010) in numerical modelling. Sharp spikes of Reynolds stress 
components in all elevations beneath the bore supported the generation of large vortical structures.  
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As observed for the analysis of experiments series 1 and 2, the particles on movable bed had two 
main patterns of motion. Some particles motion was in terms of rapid transition and some were 
transferred at a slower pace. Figure 4-16(A) shows some particle trajectories during the passage of 
the bore. Particles (J) and (K) travelled at a faster pace than that of particles (A), (N) and (Q). The 
present observations highlighted that the gravel bed load motion was initiated primarily by the 
passage of the roller toe (e.g. Figure 4-16(A)). The findings supported the predominant role of 
negative pressure wave at the inception of sediment motion. This effect was discussed by 
LIGHTHILL (1978), but both theoretical and numerical approaches lacked physical validation data 
until now. 
 (A)    
(B)  
Figure  4-41 The forces acting on particles (A) all measures forces (B) total force vs. sum of other measured forces 
(pressure force, gradient force and the virtual mass force) – series 2 , Q = 0.05 m3/s 
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The drag force, virtual mass force and total force were estimated for total about of 400 particles on 
two series of experiments (series 1 and 2). Figure 4-41(A) presents the best fit to the measured 
forces acting on the particles during the passage of breaking bore for experiments series 2. At the 
time T-T2 = 0, the pressure gradient force was the dominant force in the particle inception. With the 
elimination of positive drag force, the particle motion towards upstream started. The fluid velocity 
changed the direction from positive (downstream) to negative (upstream) with the passage of the 
bore and the negative drag force acted on the stationary particles. The high drag force was observed 
to be the main force in continue of motion. 
Other forces may act on particles during the passage of the bore. The inter-granular forces were not 
taken into consideration since its measurement was challenging. Although with the measurement of 
the total force, pressure gradient force, drag force and the virtual mass force, the resultant of other 
forces acting on the particles may be estimated from:  
gM × (M) = -_ + -Z + -0/NdOe + -;Nx//O;deO/ +  pℎ^C	opC^3 (4-14) 
where Fp and FD are the longitudinal pressure gradient force and drag (shear) force  respectively. 
The result is presented in Figure 4-41(A). The interaction between particles is mostly in terms of 
friction and a reduction of the particle freedom of motion. The particles will collide to each other in 
their path of motion; hence the inter-granular force resultant acts on the particles opposite to their 
travel direction. Before the passage of the bore toe, the positive drag force tended to push the 
particles towards downstream, but the interaction between particles acted in the opposite direction, 
stopping particles from any motion (Figure 4-41(A), (T-T2)×(g/d0)0.5 < 0). With the passage of the 
bore, the pressure gradient force and drag force pulled the particle towards upstream, and the 
interaction between particles acted towards downstream (Figure 4-41(A), (T-T2)×(g/d0)0.5 > 0). A 
comparison between the measured forces acting on the particles and the total force is presented in 
Figure 4-41(B). Figure 4-41(B) compares the total force acting on the particle (F = m×a) with the 
summation of the pressure gradient force, shear force and virtual mass force. The difference 
between this summation and the total force illustrates for the rest of the forces acting on the 
particles such as the inter-granular force resultant. Visually it was observed that the inter-granular 
forces were possibly the most relevant at the onset of particle motion and near the particle motion 
stoppage. 
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During the bore propagation, the normal Reynolds stress components and turbulent kinetic energy 
(TKE) were systematically 10–30% higher on the mobile bed than on the fixed bed, at the same 
relative bed elevation and for the same Froude number (table 4-3). The results were observed 
throughout the water column and some quantitative data are reported in table 4-3. The findings were 
consistent with the results of NAKATO et al. (1977) in oscillatory flows in a U-tube, although some 
steady flow data suggested a different trend (DEY et al. 2011). It is thought that the present results 
highlighted the complex interactions between mobile bed and unsteady flow turbulence. 
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5. Numerical modelling of tidal bores 
5.1 Presentation 
Breaking wave problems such as breaking bore and dam-break wave flow are characterised by 
sudden changes in free surface; thus the analytical solutions are not available for such problems, 
unless using very simple geometry and boundary conditions. Wave breaking can be explained by a 
transition from a smooth irrotational wave motion during a plunging jet formation to a rotational 
motion state following by jet impingement and white-water, turbulent front (PEREGRINE 1983). A 
large amount of energy is released with wave breaking turning into turbulence and causing chaotic 
flow motion (SVENDSEN and PUTREVU 1996). 
In the present study, characteristics of turbulent flow beneath a breaking bore in an open channel 
were investigated numerically. Some unsteady two-phase tidal bore motion was simulated for 
further understanding of the tidal bore. A schematic diagram of the flow in the numerical domain is 
shown in Figure 5-1. The numerical methods provided approximate values for different variables in 
some finite spatial and temporal points of the domain. In the present study, the numerical code, 
Thetis, developed in the I2M Laboratory was used.  
 
Figure  5-1 Sketch of the numerical domain of the breaking bore  
In the simulation of the breaking bore, a wall boundary was assumed at one end of a horizontal 
channel with a constant water depth with flow entering the channel steadily from the other side of 
the channel. The simulations were performed on both smooth and rough beds, with flow conditions 
comparable to the experimental studies of DOCHERTY and CHANSON (2012) and KHEZRI and 
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CHANSON (2013). The experimental data for breaking bore on rough bed channel were reported in 
previous chapters of the present thesis. 
In this chapter the concepts and developments of the numerical model are presented. The motion of 
incompressible Newtonian flow can be described by the Navier-Stokes equations in a bounded 
domain. The objective of this work is to solve the Navier-Stokes equations in the two phase 
configuration of a breaking bore on the rough bed, using the numerical tool Thetis, with some large 
eddy simulation (LES) being applied for the turbulence closure.  
5.1.1 Mathematical formulation of the system for two-phase flows  
The objective of this work is to describe the effect of rough bed on the velocity field, turbulent 
mixing and air entrainment under breaking bore in two dimensional configurations. Numerical 
modelling of the breaking bore involves the solution of Navier-Stokes equations of two-phase flow 
with strong free surface deformation. An Eulerian approach was chosen in the mathematical 
formulation of the problem. The conservation equation system for an inertial (non-accelerating) 
reference frame and incompressible flow is described by the continuity equation for incompressible 
fluid:  
∇. u = 0 (5-1) 
and the Navier-Stokes equations: 
 u + (u. ∇)u = −∇ + " + ∇. ̿ + -	 (5-2) 
Here u is the velocity vector, p is the static pressure; ρg and F are the gravitational and external 
body forces per unit volume and τ¢ is the stress tensor given by: 
̿ =  [u + u − 23. u¤] (5-3) 
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where µ denotes the dynamic viscosity, I is the unit tensor and the term in the right hand side shows 
the effect of dilation which is assumed to be negligible in this study. 
Fluctuations in the velocity field are characteristics of turbulent flows which yield to fluctuations in 
momentum, energy and other transported quantities. These fluctuations can be of high frequency 
and small scale; therefore the exact full solution of such problems needs high and expensive 
computational capacity. On the other hand, the instantaneous governing equations may be replaced 
with time-averaged or ensemble-averaged, or other methods of manipulations, to remove the 
resolution of such small scales. These methods result in modified equations which contain 
additional unknown terms, which can be determined in terms of known quantities by turbulent 
models. 
In the large eddy simulation (LES) method (SAGAUT 2005), the exact Navier-Stokes equations are 
mathematically manipulated by using a filter to remove eddies smaller than the size of the filter, 
while large eddies are explicitly resolved by the filtered equations. The filtering process creates 
unknown variables that must be modelled to achieve closure. The two-phase Navier-Stokes 
equations can also be solved directly without using any turbulent model, but this method is very 
demanding in terms of computing facilities and CPU time, and the reliability of the methods 
depends on the mesh sizes to be small enough to reach the small length scales of free surface 
deformations and turbulence.  
Boundary conditions and solid obstacles 
Nowadays different techniques for introducing the solid obstacles into numerical model exist. These 
methods have the potential to be implemented easily in the numerical domain, rather than the 
complex classic methods of solving fluid-structure interactions. Therefore the physical solid 
boundary does not necessarily conform to the computational domain boundary and the Cartesian 
meshes can be utilized despite the complex geometrical shape of boundary (KOLOMENSKIY and 
SCHNEIDER 2009). 
Boundary conditions were imposed to the Navier-Stokes equations by adding the penalisation 
terms. The method is based on the work of ANGOT (1989) and KHADRA (1994). In this method, 
instead of solving the initial boundary value problem on the boundaries, an equivalent problem is 
85 
 
solved on the whole domain by penalizing the obstacles. A general boundary condition is presented 
as a surface flux: 
−(u5)t = >d(u − u¦) (5-4) 
where S denotes the solid domain and B¨(u − u¦) is the penalization term with which the boundary 
condition is taken into account by imposing a velocity into the computational domain. It should be 
noted that it is a vectorial formulation where B is a matrix and u is a velocity vector. For Bu = 0, the 
Neuman boundary condition is imposed to the mesh grid points of boundary, while for Bu =	+∞,	the 
Dirichlet boundary condition would be modelled. The following continuity and momentum 
equations would be solved in the numerical domain: 
∇. u = 0 (5-1) 
 u + u. ∇u + >du − u¦ 	= " − ∇ + ∇. [ ∇u + ∇u] (5-5) 
and equation (5-4) would be solved at the boundaries. 
Solid obstacles also can be dealt with the added penalization term using a multi-grid domain or 
considering the domain as a porous medium (Brinkman theory). The penalization method used in 
here is based on the idea of considering the solid obstacle as porous media which tends to porosity 
of zero. It is a simple method where the solid or fluid part of domain can be defined via the 
permeability coefficient K. The coefficient K defines the capability of the porous on letting the flow 
pass through it more or less freely. With a nil K an impermeable solid boundary can be modelled 
while with K =	+∞ the medium is equivalent to a fluid. An extra term called Darcy term ª«u is 
added to the momentum equation to consider the coefficient K in our system of equation. Thus 
equation (5-5) becomes: 
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 u + (u. ∇)u + >d(u − u¦)
= " − ∇ + ∇. £ (∇u + ∇u)¥ − ( ¬ u) (5-6) 
5.1.2 Numerical methods for the modelling of free surface flows 
Free surface motion should be tracked accurately to provide appropriate boundary condition. 
Several methods of free surface capturing are available through some recent developments in 
numerical sciences: e.g. marker-and-cell (MAC) method (HARLOW and WELCH 1965), volume 
of fluid (VOF) method (HIRT and NICHOLAS 1981, LIN and LIU 1998 (a & b)), particle based 
methods such as smoothed particle hydrodynamics (SPH) (MONAGHAN 1988), cubic interpolated 
pseudo-particle combined unified procedure (CIP-CUP or C-CUP) method (YABE and WANG 
1991) and level set method (SUSSMAN et al. 1994). 
A number of free surface methods were applied to the wave breaking problems. A thorough review 
was conducted by LIN and LIU (1999). The MAC method was used by HIRT and SHANNON 
(1968) to study bore propagation. MIYATA (1986) studied breaking waves with a two-dimensional 
MAC scheme. SAKAI et al (1986) observed water splash and secondary vortex formation. The 
MAC method was used in further applications since 1991. TAKIKAWA et al. (1997) used the 
simplified MAC (SMC) to model the plunging breaking waves and compared the vorticity and rate 
of strain distribution under the broken wave with experimental measurements. VOF method was 
used in modelling wave breaking, with or without interface reconstruction and different methods of 
interface reconstruction was implemented as well. The simplest VOF algorithm is the simple line 
interface reconstruction (SLIC-VOF) known as the donor-acceptor method developed and used by 
LEMOS (1992), LIN and LIU (1998 a, b), BRADFORD (2000) and ZHAO et al. (2004). This 
method was then improved to a more accurate method referred to as piecewise linear interface 
construction (PLIC-VOF) (ABADIE 1998, ABADIE et al. 1998, CHEN et al. 1999, ABADIE 
2001) and semi-Lagrangian (SL-VOF) (GUIGNARD 2001, GUIGNARD et al. 2001, BIAUSSER 
2003) methods. Different methods avoiding interface reconstruction have also been implemented 
such as the Lax-Wendroff total variation diminishing (TVD) scheme (LUBIN et al. 2003) and the 
level set method (IAFRATI et al. 2001, IAFRATI and CAMPANA 2003). 
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Herein the simulations were performed using the smooth volume of fluid technique SVOF 
(PIANET et al. 2010) based on the VOF-PLIC method. In this method the classical VOF-PLIC 
method is coupled with a smoothing function which is able of handling interface reconnection with 
interface reconstruction, without suffering from spurious currents and artificial break-up. 
Calculation of the two-phase flow characteristics  
The following conservation equation illustrates the Eulerian approach for updating the free surface 
location during the free surface tracking, known as interface capturing method: 
o + u. ∇o = 0 (5-7) 
where f is a scalar quantity carrying the fluid information such as density or viscosity (e.g. f = water 
density/viscosity for a cell filled with water). The above equation serves as the basis of all Eulerian-
based free surface tracking techniques such as VOF method, shock capturing method and level set 
method. It implies the consistency of material property during following the free surface motion. A 
particle motion on the free surface can also be derived from a Lagrangian perspective: 
u = ()  (5-8) 
where X provides the coordinate of a fluid particle on free surface at a time t. The above equation 
states that the fluid particle moves with its ambient flow field. If we track the particles that are 
originally on the free surface, particles would remain on the free surface unless breaking or 
reconnection of surface occurs. This equation serves as the basis for the development of interface 
tracking methods such as various versions of the MAC method. 
For a two-phase flow, the flow characteristics in the numerical domain (density, viscosity) can be 
estimated from the density and viscosity of each phase, being functions of the volume of liquid (the 
colour function (C)). Assuming the cells filled with air as empty cells, the colour function is defined 
0 for empty cells, 1 for cells filled with water and between 0 and 1 for cells containing both phases. 
The interface is assumed to be where C = 0.5. In the VOF method, the following advection equation 
is used to allocate each medium: 
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R + u. ∇R = 0 (5-9) 
In the above equation, u is the velocity field and t the time. The physical characteristics of each 
control volume then can be updated as functions of time, space and C. These characteristics can be 
calculated using a linear continuous averaging, as shown here for the density and dynamic 
viscosity: 
 = ' + (! − ')R	 (5-10) 
 =  ' +  ! −  'R	 (5-11) 
where the subscripts 1 and 2 describe the physical characteristics in each media. The turbulent 
viscosity was calculated using the mixed scale method (SAGAUT 2005). The accuracy of the 
method was proven for a range of coastal applications (HELLUY et al. 2005, LUBIN et al. 2006). 
The conservative system of equations in a multiphase flow then needs to include the multiphase 
considerations. Here the conservative equation system, which includes the entire hydrodynamic of 
the domain in a two phase flow, is presented: 
∇. u = 0 (5-1) 
u + u. ∇u + >du − u¦ = " − ∇ + ∇. [ ∇u + ∇u] −
 
¬ u (5-12) 
R
 + u. ∇R = 0 (5-9) 
where u is the velocity, t the time, g the gravity vector, P the pressure, ρ for density and µ dynamic 
viscosity in each calculating cell from equations (5-10) and (5-11), ni the normal of the interface, k 
its average curvature, ~0	a Dirac function considering the interface as a jump in terms of physical 
properties and K is the permeability coefficient. In the numerical domain the physical 
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characteristics will be as equation (5-12) and on the lateral boundaries will be as equation (5-4) as 
explained earlier. 
−(u5) = >d(u − u¦) (5-4) 
with Bu being a matrix.  
5.1.3 Numerical implementation 
In the breaking bore simulation, the difficulties with free surface modelling include significant air-
water interactions at the free surface and numerical diffusion caused by large deformations of the 
air-water interface. In the present study, a numerical tool “Thetis” was employed to model a 
breaking bore on both smooth and rough bed channels. The numerical tool “Thetis” (formerly 
Aquilon) was developed in the I2M laboratory (formerly TREFLE) at the University of Bordeaux 
(France) and validated for different case studies (LUBIN 2004, LUBIN et al. 2010). 
The numerical methods and concepts developed in Thetis are presented in following sections. The 
finite volume method is used to discretise the system of equations. The originality of the numerical 
tool is the use of a mesh grid which is disconnected from the geometry, thus allowing the globally 
treating of a heterogeneous fluid domain. In such a way the mesh grid is not preconditioned or 
confined by the geometry. The geometry can be modified easily during the simulation and the 
preconditioning of the linear system can be improved (ANGOT 1989).  
The rough bed was modelled as a thin porous medium to assist studying the turbulent characteristics 
beneath a breaking bore, comparable to the experimental modelling on the gravel bed. Volume-
averaging method was used for the study of porous medium in rough-wall layer region. The 
Brinkman equation which is a reduced form of Volume-Averaged Navier-Stokes (VANS) equation 
was used in the formulation. SHUKLA (1978) proposed to model porous medium for the surface 
roughness. Later this method was used by TICHY (1995) in the analysis of the magnetic head 
flying above the rotating disk in a hard disk drive, where the rough surface was treated as a porous 
film. LIOU and LU (2009) used this method in modelling flow over rough wall of airfoil assuming 
a thin roughness of the wall compared to the boundary layer. In the proposed method, the turbulent 
flow consisted of two region of (1) two phase flow where the flow meanders around the roughness 
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and (2) the fluid region where Reynolds-averaged Navier-Stokes (RANS) equations can be applied. 
Herein a similar approach is used for the rough surface modelling. 
The interface tracking was achieved by applying the smooth volume of fluid technique (SVOF). 
The method was found to capture the strong interface distortions more accurately compared to other 
techniques such as the classic VOF-PLIC method of YOUNGS (1982). A comparison of these two 
methods on capturing air entrainment in a plunging jet of liquid was also discussed by 
BROUILLIOT and LUBIN (2013).  
Discretisation and solvers for the momentum equations 
The research on developing numerical schemes to solve the two-phase Navier-Stokes equations 
aims to gain accuracy and speed. Different methods of discretisation of Navier-Stokes equations can 
be very diffusive resulting in discrepancies and imperfections. In this study, the Navier-Stokes 
equations were discretised on a staggered grid with a finite-volume method. The implicit temporal 
discretisation was utilised. The non-linear convective terms were discretised by an upwind-centred 
scheme, whereas a second-order centred scheme was chosen for the approximation of the viscous 
terms. The velocity/pressure coupling was performed with a pressure connection method (GODA 
1979). The method consists of two stages of velocity prediction and pressure correction in the 
Navier-Stokes system. The free surface tracking was achieved by volume of fluid method (VOF) 
(i.e. Lax-Wendroff TVD or PLIC-VOF). Both methods are able to achieve the interface 
reconnections in the modelling of two dimensional two phase flows. 
The code was parallelized using the MPI library. The linear system was solved using the HYPRE 
parallel solver and preconditioning library. A BICGStab solver (Bi-Conjugate Gradient Stabilized 
solver associated with a point Jacobi pre-conditioner) was used to solve the precondition steps and a 
GMRES solver (associated with a multi-grid pre-conditioner) for the correction steps. 
Verification and validation of the numerical tool including mesh refinement analysis were 
undertaken extensively through several test-cases (LUBIN 2004, LUBIN et al. 2006). In this study a 
simulation of two-dimensional dam-break flow was tested against the theoretical solution of dam-
break and some experimental data of breaking bores.  
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5.2 Numerical configuration and validation 
A channel of 12 m length and 1 m depth was modelled. On smooth bed, the flow had a similar 
configuration as DOCHERY and CHANSON 2012 (Fr = 1.59), while on the rough bed, the flow 
characteristics were chosen to be similar to the present experiments (see Chapter 4). A sketch of the 
channel after an initially steady flow was just followed by the gate closure is shown in the Figure 5-
2. 
 
Figure  5-2 Scheme of the simulation domain 
The gate was located at X1 = 0 m and the flow field measurements were performed at 5.15 m, 6.15 
m and 7.15 m from the gate. A permeable porous medium was located at elevations from 0.8 to 1 m 
above the bed to control the air entering the numerical domain. Another porous medium with small 
specific permeability was assigned as the rough bed, below zero elevation (LIOU and LU 2009). 
The simulation of the breaking and undular bore was performed on smooth and rough bed. Table 5-
1 summarises some configurations for each simulation.  
Table  5-1 Configurations in the numerical simulation  
Bed type Bore 
type 
d0 (m) V0 (m) Fr Mesh grid 
resolution 
Convection 
Schemes 
Interface Tracking 
Smooth bed Breaking 0.117 0.855 1.59 4×1 mm2 Hybrid/Upwind VOF-PLIC 
Rough bed Undular 0.136 0.73 1.36 4×1 mm2 Hybrid  SVOF 
Rough bed Breaking 0.136 0.73 1.52 4×1 mm2 Hybrid SVOF 
The steady flow was assumed to run in the channel for about 13 s to develop the boundary layer. 
Then the numerical model was interrupted and restarted with a change in downstream boundary 
condition by closing the exiting end of the channel (the gate). Some models with different grid sizes 
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and configurations were tested and the results were compared to optimise the final configuration. 
The results of the final configuration were compared with the observed experimental data to check 
the consistency between numerical and physical results. Given that the thickness of roughness 
region is thin compared to the thickness of the boundary layer, the method of volume averaging 
(which is usually used in the porous medium flow) could be applied in the rough wall region. The 
following equations were based on LIOU and LU (2009) with the assumption of spherical particles 
and thin rough layer (thin porous) in the physical models.  
The following equations provide the porous depth (~µ) and the porosity (¶µ) for the numerical 
simulation equivalent to the physical modelling characteristics (LIOU and LU 2009). The geometric 
characteristic of the roughness was included in the results by parameters such as porosity (¶µ). 
~µ = (1 − ¶µ)¶µM (5-13) 
¶µ = µ  (5-14) 
The parameter ks is the physical height of roughness, which is 6.7 mm as presented in Chapter 4 and 
Vβ is liquid fraction. Assuming spherical particles of radius D/2 on the bed, ¶µ would be  
¶µ = (Q! − XQ!/4)Q! = 0.215 (5-15) 
The thickness of porous ~µ was calculated to be 1.13 mm (table 5-2). The Brinkman equation was 
used to model the rough-wall layer. The medium permeability (K) can be found from the modified 
Ergun equation for randomly packed beds (WHITAKAR 1996): 
¬ = ¶µH_!180(1 − ¶µ)! (5-16) 
where dp is the effective diameter parameter, necessary in the turbulent closure model. LIOU and 
LU (2009) suggested linking the diameter parameter to the roughness height (ks): 
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_ = (1 − ¶µ)H¶µ!M (5-17) 
The above equations would lead to the calculation of parameters listed in table 5-2. 
It should be noted that the thickness of roughness region (1.13 mm) was found to be much lower 
than the thickness of the boundary layer (about 20 mm) as presumed. 
Table  5-2 The calculated parameters for rough bed modelling  
ks (m) ·¸ ¹¸ (m) º» (m) ¼ 
6.7 × 10 -3 0.215 1.13 × 10 -3 0.15× 10 -3 2.011× 10 -12 
5.2.1 Validation: two-dimensional two-phase dam-break flow 
A two dimensional dam-break flow was modelled for validation of the numerical tool. The 
upstream and downstream depths were selected so that the Froude number was similar in physical 
and numerical modellings.  
A long channel of length L = L1+L2, and the upstream and downstream depths of d0 and d1 was 
modelled for simulation of the dam-break flow. The downstream channel was assumed to be 
initially filled with still water of depth d1 to generate the dam-break wave following by positive 
surge. 
 
Figure  5-3 Sketch of an instantaneous dam-break wave in a horizontal wet channel 
The governing equations are the continuity and momentum equations, and the flow characteristics 
system of equations (CHANSON 2004):  
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#$ = '($ − ')                                        (Continuity equation) (5-18) 
'($ − ')! − #$! = 12 "#! − 12 "'! (Momentum equation) (5-19) 
QQ ( + 2R) = 0 along J =  + R (Forward characteristics) (5-20) 
QQ ( − 2R) = 0 along J =  + R (Backward characteristics) (5-21) 
where d2 is the developed flow depth downstream of the channel with the positive surge generation, 
U celerity of the positive surge and	R = I". The initial negative wave has a celerity −R# =
−I"! (CHANSON (2004)).  
The described equations were applied to the 1-D dam-break test case, considering the Froude 
similarity with the available data from breaking bore physical modelling. The physical modelling of 
a breaking bore on the smooth bed was performed by DOCHERTY and CHANSON (2012) on the 
same channel as the present study physical modelling. Table 5-3 presents the flow configurations of 
experimental study by DOCHERTY and CHANSON (2012). 
Table  5-3 Experimental flow conditions for turbulent velocity measurements in tidal bore (DOCHERTY and 
CHANSON 2012) 
Q (m3/s) S0 Bed roughness d0 (m) V0 Bore type Fr U (m/s) 
0.05 0.000 Smooth PVC 0.118 0.848 Breaking 1.59 0.867 
In the numerical simulation of dam-break on smooth bed with a discharge of 0.05 m3/s and initial 
water depth of 0.117 m, the Froude number was found to be 1.59. The initial flow depths and 
channel length calculations using the discussed system of equations are presented in table 5-4 where 
d0 and d1 are respectively the upstream and downstream initial flow depth, and L1 and L2 are the 
minimum channel lengths upstream and downstream the dam wall which is necessary for the 
simulation. 
 
95 
 
Table  5-4 Quantity of parameters used in the 1-D dam-break modelling 
Assumptions calculated 
Fr d2 (m) 
½¾½¿ d0 (m) L2 (m) L1 (m) U 
1.59 0.117 2.88 0.337 7 14 1.715 
The calculated parameters in table 5-4 were used as the configurations of a dam–break flow 
simulation considering the Froude similarity. The flow depths and velocity field for different time 
steps of the numerical simulation of dam-break were found. Figure 5-4 shows some dam-break 
waves in different times of simulation using Thetis. 
 
 
Figure  5-4 Dam-break wave modelling in the horizontal wet channel, with dam previously located at X1 = 14 m 
(A) t = 0.25 s (B) t = 0.75 s from the gate opening 
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The results were compared to those of analytical results based upon equations (5-18) to (5-21). 
Table 5-5 compares the numerical and analytical results of the dam-break flow with d2 = 0.117 m 
and d0 = 0.337 m for different times while t = 0 s is the time of starting the simulation (removing the 
dam). The computed velocities V1 and V2 were depth-averaged in the numerical domain. Since the 
location of points E1 and E2 were chosen visually (Figure 5-3), the results varied up to ±30%.	 The 
position xE2 was not compared with theoretical results. 
The numerical results were then compared to the experimental data of a breaking bore on the 
smooth bed (DOCHERTY and CHANSON 2012). The conjugate depth in the dam-break flow (d2) 
can be compared to the experimental data by DOCHERTY and CHANSON (2012), presented in 
table 5-3 and Figure 5-5. For Fr = 1.59 and d0 = 0.118 m the conjugate depth would be estimated 
0.212 m (Figure 5-5).  
Table  5-5 Numerical and theoretical flow data of the dam-break flow 
 Time (s) xE1 xE3 d1 U V2 V1 
Theory 
0.089 
-0.274 0.151 0.212 1.700 -0.018 0.752 
Numerical data -0.003 0.09     
Theory 
0.257 
-0.79 0.436 0.212 1.700 -0.018 0.752 
Numerical data -0.496 0.439 0.18 2.081 -0.022 1 
Theory 
0.436 
-1.34 0.741 0.212 1.700 -0.018 0.752 
Numerical data -1.01 0.707 0.17 1.496 -0.023 0.8 
Theory 
0.756  
-2.32 1.285 0.212 1.700 -0.018 0.752 
Numerical data -1.45 1.364 0.2 2.053 -0.027 0.7 
Theory 
1.108  
-3.41 1.883 0.212 1.700 -0.018 0.752 
Numerical data -2.41 2.324 0.21 2.73 -0.031 0.74 
As presented in table 5-5, at a time t = 1.1 s, the dam-break flow with similar Froude number 
provided a conjugate depth of 0.212 m for both theoretical and numerical computations, which is in 
good agreement with experimental data. The celerity of the breaking wave can be compared to the 
relative bore celerity (U+V0) in the positive surge. The relative celerity of the breaking bore was 
found to be 1.715 m/s (table 5-4) while the average wave celerity for numerical measurements in 
four time steps of the dam-break flow leads to a wave celerity of 2.09 m/s. The results are within 
20%. The theoretical estimate of U for the dam-break wave also suggests U = 1.7 m/s for the same 
flow conditions. 
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Figure  5-5 Dimensionless conjugate depth as a function of tidal bore Froude number (after DOCHERTY and 
CHANSON 2012)  
 
Figure  5-6 Dimensionless vertical distributions of the time-averaged longitudinal velocity component Vx 
measured at x = 5 m for Q = 0.05 m3/s, d0 ≈ 0.12 m (DOCHERTY and CHANSON 2012) 
As a key difference, a  quasi-uniform velocity profile in the numerical data set was found at a 
distance of 5 m from the dam wall after the dam break (Figure 5-6), compared to those of steady 
flow on smooth bed by DOCHERTY and CHANSON (2012). 
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5.3 Numerical Results and Discussion  
The free surface calculations could encounter different instabilities such as numerical diffusion, 
excessive splashing or even flow disruption especially while modelling the breaking bore.  
Two interface capturing methods, VOF-TVD and VOF-PLIC (volume tracking of interface with 
Piecewise Linear Interface Construction) were tested for different flow configurations. With the 
TVD method, the free surface was smooth, but as the characteristics of this method, numerical 
diffusion and mass loss was involved. In the VOF-PLIC method, those issues were solved, but the 
free surface was mostly perturbed: it was not a smooth free surface as observed during the 
experiments. Finally the SVOF method was applied to the simulation of breaking and undular bores 
on the rough bed. The open boundary condition of the numerical domain would allow the air to go 
in and out freely. The spurious instabilities in the fluid could be removed by adopting a permeable 
region on top of the domain to control the air entrainments. The SVOF method of free surface 
capturing was also found to provide some better results and was used to form the final 
configuration. The undular and breaking bore configurations were simulated on 64 processors for 
approximately 70,000 iterations (from gate closure) corresponding to about 12 s of flow 
propagation in the channel and up to 10 days of computation.  
Figure 5-7 shows the undular and breaking bores propagation in the channel. The permeable region 
on top of the domain is separated from the rest of the domain by a line d = 0.8 m (Figure 5-7).  
The original results of the presented numerical simulation provided the free surface, velocity field 
and pressure field in the whole domain. No previous study has provided a simulation of mixed 
breaking and undular bore before. 
The Froude numbers Fr for undular and breaking bore flows were found to be 1.36 and 1.52 
respectively. The breaking bore was found to be turbulent with air entering in the flow as shown in 
Figure 5-7(B): water is shown in blue colour and the white represents the air. Some other 
characteristics of the undular and breaking bore include the velocity and pressure force. The bore 
celerity of undular and breaking bore were calculated as 0.83 and 1.01 m/s respectively.  
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 (A)  
(B)  
Figure  5-7 Numerical results on bore propagation with the gate at left side of the channel (A) undular bore, Fr = 
1.36, U = 0.83 m/s (B) breaking bore, Fr = 1.52, U = 1.01 m/s- Q = 0.05 m3/s, d0 = 0.136 m 
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The pressure field beneath the breaking and undular bore were found from the numerical 
simulation. Figure 5-8(A) shows the pressure beneath an undular bore on the rough fixed bed. The 
pressure distribution on the rough bed (d = 0) is compared to the hydrostatic pressure in Figure 5-
8(B). It should be noted that the rough bed surface is located at d = 0 while d < 0 includes the bed 
thickness. 
 (A)  
(B)    
Figure  5-8 Numerical results of pressure beneath an undular bore, Fr =1.36, U = 0.83 m/s (A) Pressure field at t 
= 9.7 s from the gate closure beneath the undular bore (B) Pressure and longitudinal pressure gradient on the 
rough bed (z = 0) - Q = 0.05 m3/s, d0 = 0.136 m  
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Figure 5-9(A) shows the pressure field beneath the breaking bore (t = 5.86s from the gate closure). 
The pressure distributions on the rough bed (d = 0 m) were compared to the hydrostatic pressure 
estimated from the free surface (P = ρ×g×h) and are presented in Figure 5-9(B). The longitudinal 
pressure gradient for each measured pressure is also shown in the graph, with colour similar to the 
respective pressure.  
 (A)  
(B)      
Figure  5-9 Numerical results of pressure beneath a breaking bore, Fr =1.53, U = 1.02 m/s (A) Pressure field at t = 
5.86 s from the gate closure beneath the breaking bore (B) Pressure and longitudinal pressure gradient on the 
rough bed (z = 0) - Q = 0.05 m3/s, d0  = 0.136 m  
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Figure 5-10(A) shows the pressure field at and around X1 = 6.15 m upstream of the gate (x = 5 m) 
at about 6 s after the gate closure. The pressure and pressure gradient for that vicinity is presented in 
Figure 5-10(B). 
(A)   
(B)  
Figure  5-10 Numerical data of pressure field beneath the breaking bore (A) Mapping of the pressure beneath the 
bore at t = 6.265 s from the gate closure (B) Pressure and longitudinal pressure gradient beneath the breaking 
bore at x = 5 m (X1 = 6.15 m from the gate) on the rough bed (z = 0) - Q = 0.05 m3/s, d0  = 0.136 m, Fr = 1.53, U = 
1.02 m/s 
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The pressure field beneath the breaking bore were not exactly similar at different moments of the 
bore propagation as also observed in the experimental modelling; the breaking bore shape 
fluctuated around a mean shape (Figure 4-17) and, with the air entering the bore roller and bore 
breaking continuously, the pressure and pressure gradient beneath the bore were forced to change. 
This was also observed in Figures 5-9 and 5-10 where the pressure force beneath the breaking bore 
on different times from the gate closure were not exactly similar which resulted in drastic changes 
in the longitudinal pressure gradient. 
Finally, the numerical tool was used to simulate the breaking and undular bore on the rough fixed 
bed. The free surface capturing was performed using the SVOF method. The simulation provided 
the velocity and pressure data on the whole study domain. Some results were presented in this 
chapter while more results are discussed and compared to the experimental data in Chapter 6.  
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6. Results: Comparison between numerical and physical results 
6.1 Presentation 
Some experimental and numerical modelling was performed to investigate the effect of undular and 
breaking bores on the rough bed. Both fixed (series 0) and movable (series 1 & 2) gravel beds were 
used during the laboratory experiments. Some turbulent measurements were performed to find the 
turbulent mixing beneath the tidal bore. The experimental findings are presented in Chapter 4. The 
numerical simulation of undular and breaking bores on rough fixed bed and the velocity and 
pressure field measurements in the whole domain are also presented in Chapter 5. 
Herein some comparisons between experimental and numerical data are presented side by side to 
provide the verification of the numerical modelling as well as some detailed information on the 
domain which could not be easily extracted from experimental studies.   
The numerical modelling was conducted with the same inflow conditions and downstream/upstream 
boundary conditions as the physical experiments. That is, the initial flow depth, depth-averaged 
velocity, and the gate opening after closure were identical. With these conditions, the numerical 
modelling yielded slightly different tidal bore characteristics at x = 5 m, as illustrated in table 6-1. It 
should be acknowledged that the numerical and experimental modelling of undular bore, did not 
show exactly similar characteristics; although the numerical simulation was configured based on the 
experimental modelling. The Froude number and bore celerity were found to be higher in the 
numerical simulation compared to the experimental modelling. Table 6-1 compares some 
characteristics of undular bore in the experimental and numerical modelling; the differences could 
be explained by both experimental and numerical errors. Some other differences in the experimental 
and numerical modelling is the bore generation; the undular bore generation in the physical channel 
needed some mechanical push from downstream of the channel which could have some effects on 
the bore characteristics. Ultimately, it is believed that the selection of identical initial depth, initial 
velocity and gate opening after closure was most representative for a ‘true’ comparison. 
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6.1 Validation of numerical results with experimental data 
The validation of numerical simulations was performed through a detailed comparison between 
numerical modelling data and available experimental data, including the free surface and 
instantaneous velocities beneath both undular and breaking bores. The data from both experimental 
and numerical modellings were synchronised with the free surface before and during the bore 
propagation.  
6.1.1 Free surface results 
The accountability of numerical simulation was always sought firstly through the free surface 
results. Herein the numerical free surface results are compared to the experimental data, partially 
presented in Chapter 5 and Appendix B of the present study. A picture of breaking bore taken at 
less than 2 s after the gate closure is presented in Figure 6-1, comparable to the breaking bore in 
about the same location in numerical model. 
The free surface measurements in the numerical model were performed for similar point as the 
experimental data, at x = 4, 5 and 6 m from the upstream end of the channel (X1 = 7.15, 6.15 and 
5.15 m respectively). It should be considered that in the experimental model the gate was located at 
11.15 m from the upstream end of the channel. 
 
 (A)          
1m 
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(B)  
Figure  6-1 Breaking bore propagation (A) experimental Channel (B) numerical domain in 1.56 s from the gate 
closure  
Figures 6-2 and 6-3 compare the free surfaces at different locations along the channel during the 
passage of the undular and breaking bores. The free surface of undular and breaking bores are 
compared at 0.35 m from the gate just after the gate closure (Figure 6-2). The sharp rise of free 
surface for the breaking bore and smooth fluctuation of the undular bore just upstream the gate are 
shown, and the numerical results were found to follow the physical data of free surface. The free 
surfaces at other locations of the channel are also compared in Figure 6-3.  
 (A) (B)  
Figure  6-2 Numerical free surface data vs experimental data on fixed gravel bed at X1 = 0.35 m from the gate (A) 
undular bore (B) breaking bore - Q = 0.05 m3/s, d0 = 0.136 m 
It should be noted that the free-surface elevations are found from the interfaces crossing a segment 
and the presence of bubbles and droplets on the way can be recorded as a free surface elevation. 
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Herein, several multiple interfaces were recorded in some time steps as numerical results of free 
surface as shown in the following graphs (Figure 6-2 and 6-3).  
The wave length, wave amplitude and wave steepness (aw/Lw) for experimental and numerical data 
of breaking bore at the location of X1 = 6.15 m (x = 5 m) are compared in table 6-1. The variances 
between Froude numbers and bore celerities can be due to the differences between the actual 
channel configurations and the flow conditions in physical modelling and the ideal 2D numerical 
model. 
(A)   
(B)   
Figure  6-3 Numerical free surface elevation vs experimental data on fixed gravel bed at X1 = 7.15, 6.15, 5.15 m 
from the gate (respectively x = 4, 5, 6 m in experimental coordinate system) (A) undular bore (B) breaking bore- 
Q = 0.05 m3/s, d0 = 0.136 m 
Apart from the breaking bore comparison in experimental and numerical models, the following 
undulations (secondary waves) were also compared. While the second and third waves still 
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followed the same trend in both experimental and numerical models, it is suggested that due to 
sensitivity of the secondary waves, they can be of lesser importance in this stage in terms of 
comparisons (CHANSON 1996b). Some other analysis including the simulation of the breaking 
bore on the same channel with 0.2% bed slope (about 0.115 degree) also showed the sensitive 
behaviour of these secondary waves. 
Table 6-1 Free surface measurements on gravel fixed bed: numerical vs experimental results 
Bore 
type 
Model Gate 
opening  
Q 
(m3/s) 
d0 
(m) 
V0 
(m/s) 
U 
(m/s) 
Fr dconj/d0 dmax/d0 aw/d0 aw/Lw 
Breaking 
experimental 0 (mm) 50.2 0.135 0.73 0.86 1.36 1.64 1.96 0.28 0.05 
numerical 0 (mm) 50 0.136 0.74 1.01 1.53 1.53 2.13 0.29 0.04 
Undular 
experimental 60 (mm) 50 0.136 0.74 0.63 1.17 1.31 1.48 0.17 0.02 
numerical 60 (mm) 50 0.136 0.73 0.83 1.36 1.43 1.78 0.27 0.04 
Notes: d0: initial water depth; dconj: conjugate depth; dmax: water depth of first wave crest; Fr: tidal bore Froude number; aw: wave 
amplitude of first wave length; Lw first wave length; Q: discharge; All data were recorded at x = 5m. 
6.1.2 Turbulent velocity results 
The instantaneous turbulent velocities in undular and breaking bores were compared for numerical 
and experimental results. The 2D numerical model provided some smooth instantaneous velocities 
compared to the instantaneous velocities of the experimental study (Chapter 4). This was a result of 
using large eddy simulation LES in the numerical modelling which excludes the small scale 
turbulence. Hence the VITA velocities from the experimental modelling were used in the 
comparison to the numerical results. 
Comparison of water depths and velocities on fixed bed for undular bore  
The turbulent velocities under undular bore in the longitudinal and vertical direction are compared 
at different levels above the rough bed. The free surface fluctuations are also presented in each 
graph for better illustration. Herein the results for three levels above the bed are presented and the 
complete results are shown in Appendix G. 
As discussed, in the present data, the experimental and numerical modelling have Froude numbers 
of 1.17 and 1.36 respectively. The numerical results are presented in thick lines and the dashed lines 
show the experimental data in Figure 6-4. The legend for experimental data is not presented to 
avoid the crowd of the text in the graph.  
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(A)  
(B)  
(C)  
Figure  6-4 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, same legend is used for all graphs. 
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The solid lines in the Figure 6-4 show the numerical results of undular bore simulation while the 
experimental data are shown in dashed lines. The findings showed that numerical results follow 
similar trends as experimental data even though the undular bore had higher conjugate depth, 
Froude number as well as instantaneous velocities. 
Comparison of water depths and velocities on fixed bed for breaking bore  
The turbulent velocities under breaking bore in the longitudinal and vertical directions are 
compared at different levels above the rough bed. The free surface elevations are also presented in 
each graph for a better illustration of the bore passage. The comparison of experimental and 
numerical results is presented for three different levels above the bed and the complete results are 
presented in Appendix G. 
Table 6-1 compares some characteristics of breaking bore extracted from numerical and 
experimental modelling. The Froude numbers were 1.53 and 1.36 respectively for experimental and 
numerical modelling of breaking bore. The bore celerity was also found to be higher in numerical 
modelling but both methods provided similar bore amplitude and velocity amounts. Overall, the 
numerical results showed similar trends as experimental results.  
Some scrutiny into Figures 6-5(A) and (C) showed that the flow reversal close to the bed was much 
larger compared to high elevations in both experimental and numerical modellings. Some 
differences in experimental and numerical results of longitudinal velocity close to the rough bed for 
both undular and breaking bores can be due to the non-developed boundary layer in the numerical 
model (constant initial velocity profile in Figure 5-6) as well as the differences between the actual 
and simulated rough bed in the experimental and numerical model.  
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(A)  
(B)  
(C)  
Figure  6-5 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in a 
breaking bore (experimental/numerical Fr = 1.4/1.52, U = 0.87/1.01 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, same legend is used for all graphs. 
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6.2 Discussion 
The numerical simulation provided the flow information in all temporal and spatial domains while 
such detailed information cannot be obtained through experimental and field measurements. The 
numerical and experimental results of free surface and velocity were compared in previous section 
to validate the numerical simulation and provide some authorization to expand the outcomes.  
The measurements of pressure and longitudinal pressure gradient beneath the breaking bore were 
performed using the equations (4-3), (4-4) and the experimental data of free surface; it was found 
that the longitudinal pressure gradient force is the dominant force in the initiation of particle motion 
(Chapter 4). In the experimental modelling of undular bore, the free surface was found to be smooth 
and no particle motion was observed on the movable bed. Herein some pressure data from the 
numerical modelling of undular and breaking bores on the rough bed are presented in Figures 6-6 
and 6-7 respectively.  
 
Figure  6-6 Numerical pressure (solid lines) vs hydrostatic pressure (dashed lines) in an undular bore (Fr = 1.36, 
U = 0.83 m/s) on fixed rough bed, Q = 0.05 m3/s, d0 = 0.136 m 
The pressure beneath the undular bore for two different levels above the bed were acquired from the 
numerical simulation as shown in Figure 6-6: the pressure just above the bed (d = 0.003 m) and the 
pressure within a distance from the bed (d = 0.053 m). The corresponding hydrostatic pressure for 
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each level is also presented on the graph in dashed lines. The pressure field obtained from 
numerical simulation was found to be less than hydrostatic pressure in the wave crests and higher 
than hydrostatic pressure in the wave troughs, which is consistent with the theory (Boussinesq 
equation) as observed by MONTES and CHANSON (1998) in the experimental study of undular 
hydraulic jumps. 
The numerical results for pressure and longitudinal pressure gradient under a breaking bore are also 
presented in Figure 6-7. Some high pressure gradient beneath the bore toe (X-X2 = 0) was observed 
as was earlier suggested in the experimental study of the breaking bore. The experimental results of 
the pressure and pressure gradient are also presented in Figure 6-7 (dashed lines). It should be 
considered that the flow free surface in the experimental study was extracted from instantaneous 
images of the bore while the numerical data provided the free surface elevations against time at a 
single location (Figure 5-10(B)). Figure 6-7 presents the pressure at a single time but different 
locations beneath a bore (X1 = U × t). 
   
Figure  6-7 Pressure and pressure gradient beneath the breaking bore (measured at x = 6.15 m from the gate) on 
the rough bed (z = 0) Q = 0.05 m3/s, d0 = 0.136 m, Fr = 1.53, U = 1.02 m/s 
The existence of vortical structures behind tidal bores was suggested previously through capturing 
recirculation especially next to the rough bed (CHANSON 2010, DOCHERTY and CHANSON 
2012). The numerical simulation provided the velocity information for the whole flow domain, 
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which led to the location and magnitude of vortices in time. The vorticity magnitude at each 
location in the flow domain can be calculated from the instantaneous velocities Vx and Vz of the 
flow particles. The vorticity shows the local circulation motion in the neighbourhood of each 
location and is expressed as: 
ÂÃÄ = ÃÄ × ÃÄ (6-1) 
which indicates that vorticity (ω) is the curl (rotational) of the velocity. Herein, vorticity in the 
numerical domain was calculated using following equation. 
ÂÃÄ =  J , v × (a, ) = J − av  (6-2) 
Figure 6-8 illustrates the recirculation beneath both breaking and undular bores. The vortical 
structures could merge together and form larger structures while they are advected behind the bore 
as observed in Figure 6-8(A). 
Figure 6-8(A) compares the size of vortical structures on rough bed, beneath both undular and 
breaking bores; the graph shows the size of vortices quantitatively measured just above the rough 
bed. As expected from the numerous particle motions beneath the breaking bore, the measurements 
of vortices also confirmed the existence of larger vortical structures beneath the breaking bore. The 
vertical dimension of the vortical structures beneath the breaking bore could be as high as the initial 
flow depth (zrecirc/d0 > 1, zrecirc ≈ 0.14 m). Beneath the undular bore, the height of vortical structures 
was about half (zrecirc≈ 0.065 m). In the longitudinal direction, the vortical structures could spread 
even more than the initial depth for both undular and breaking bores (Lrecirc ≈ 0.5 m). 
The vorticity beneath the breaking and undular bores are compared in Figure 6-8(B). It was found 
that beneath the breaking bore the vorticity (Â) was three times larger than the vorticity beneath the 
undular bore. Some upward motion of vortical structure was also observed behind the breaking bore 
(Figure 6-8(A)). This was also suggested by SIMON and CHANSON (2013).   
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(A) (B)  
Figure  6-8 Vortical structures on rough bed (A) beneath the breaking bore (top left) and undular bore (bottom 
left) (B) vorticity (ω) measured at d = 0 m- Q = 0.05 m3/s, d0 = 0.136 m   
The vortices beneath breaking and undular bores are also presented in Figure 6-9 and 6-10. The data 
are presented in a map of longitudinal velocity (Vx) to provide a better understanding of the relation 
between the vortices sizes and the velocity. The legend beside each graph shows the longitudinal 
velocity extents. Figure 6-9(A) shows the Vx extent on the rough bed (d = 0 m) beneath the undular 
bore reached up to 0.4 m/s while the maximum Vx beneath the breaking bore was 0.8 m/s (Figure 6-
10). The higher the fluctuations of the longitudinal velocity could result in larger vortices sizes 
(equation 6-2) as also observed in Figure 6-8. 
Figure 6-9(B) includes the presentation of longitudinal velocity profiles in different sections 
beneath the breaking bore (the selected zone in Figure 6-9(A)). Considering the velocity profiles, 
the recirculation and changes in the velocity direction can be observed above the rough bed. The 
vectors on the streamlines show the outward direction of vortices. It should be noted that d = 0 line 
indicates the rough bed surface. The colour mapping of the longitudinal velocity beneath the 
breaking and undular bore showed the largest velocities beneath the bore crest and the lowest 
beneath bore trough. 
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(A)  
(B)   
Figure  6-9 Vortical structures on the rough bed beneath the breaking bore (locations are measured from the gate 
on left side) (A) longitudinal velocity colour mapping (B) velocity profiles (blue lines) and flow streamlines (black 
lines) - Q = 0.05 m3/s, d0 = 0.136 m, Fr = 1.52, U = 1.01 m/s 
 
Figure  6-10 Vortical structures on the rough bed and longitudinal velocity colour mapping beneath the undular 
bore- Q = 0.05 m3/s, d0 = 0.136 m, Fr = 1.36, U = 0.83 m/s 
Vx(m/s) 
Vx(m/s) 
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Table 6-2 presents the dimensionless maximum height and length of the vortical structures observed 
beneath the undular and breaking bores. The length and height of transient recirculations beneath 
the breaking bore were compared with some field and laboratory data (Figure 6-11). The height of 
vortical structure is defined as the vertical distance between the vortices core and the bed which is 
about half of the vertical dimension of the vortical structure (hrecirc ≈ zrecirc/2). For a Froude number 
of 1.52, the length and height of recirculation was found to be within the range of the physical data. 
It should be noted that the laboratory data were measurements on smooth PVC bed. Basically, the 
numerical observation of large scale vortices beneath breaking bores were consistent with the 
transient recirculation ‘bubble’ observed experimentally in laboratory and in the field. It should be 
noted that such geophysical flow is different from breaking waves on beaches where the vortical 
structures are generated from the free-surface deformations (splash-up) and advected toward the 
bottom. In the tidal bores, the vortical structures are generated near the bed. 
  
Figure  6-11 Transient recirculation length and height beneath breaking tidal bores – Comparison between 
prototype data (Sélune River, MOUAZE et al. 2010), laboratory data (TOI and CHANSON 2013, smooth bed) 
and numerical results (Present study, rough bed)  
Table 6-2 Characteristics of transient recirculations on gravel fixed bed (numerical results) 
Bore type Gate opening Q (m3/s) d0 (m) V0 (m/s) Fr Lrecirc/d0 hrecirc/d0 
Breaking 0 (mm) 50 0.136 0.74 1.53 3.6 0.53 
Undular 60 (mm) 50 0.136 0.73 1.36 3.5 0.33 
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 (A)  
 (B)  
Figure  6-12 Regular vortical structures on the rough bed beneath the bore (locations are measured from the gate 
on left side) Q = 0.05 m3/s, d0 = 0.136 m (A) Breaking bore, Fr = 1.52, U = 1.01 m/s (B) undular bore, Fr = 1.36, U 
= 0.83 m/s 
Figure 6-12 illustrates the large number of vortical structures produced beneath both undular and 
breaking bores in almost regul ar intervals, but with different sizes and intensities.  
The large vortical structures could contribute to particle motion during the passage of the breaking 
bore. As found in the numerical study, some vortical structures continued to exist behind the bore 
and could be convected upstream or downstream with the flow. The recirculations create turbulent 
convection in the flow and this could explain the existence of patch of turbulence long behind the 
bore, in both experimental and field measurements (KOCH and CHANSON 2009, CHANSON 
2010, DOCHERTY and CHANSON 2012, WOLANSKI et al. 2004, CHANSON et al. 2011). 
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7. Conclusion 
Tidal bores are a type of positive surge forming in some funnel shaped estuaries affected by a 
relatively large tidal range during spring tide conditions. The bore propagates upstream into the 
river with significant influence on the balanced natural life of the estuary through producing 
turbulent and turbulent mixing. In this study, the effect of undular and breaking bores on fixed and 
movable rough bed was studied through experimental and numerical modelling. The turbulent 
mixing and sediment motion beneath the bore was investigated experimentally through velocity 
measurements and particle tracking. The experimental study also included force estimates on the 
sediment particles in addition to free surface and fluid velocity measurements. The numerical 
modelling involved the simulation of the undular and breaking bores on fixed rough bed. The 
combination of experimental and numerical modelling assisted to obtain a variety of information on 
the flow field. The numerical models were established based upon the experimental models and the 
free surface and velocities were compared to validate the numerical results. While the particle 
tracking showed the effect of different forces acting on the particles, the numerical data provided 
some micro-scale information for the whole flow field. 
The experiments were performed in a channel of 12 m length, 0.5 m width and 0.5 m depth. The 
bores were generated through the sudden closure of a tainter gate at the downstream end of the 
channel, and the bore travelled against a steady flow. The steady flow conditions were characterised 
by 0.05 m3/s of discharge and 0.136 m to 0.14 m of initial depth. A rough bed was prepared by 
covering the PVC channel bed with some natural blue granite gravels (density 2.65) which were 
sieved between 4.75 mm and 6.70 mm. The gravels were glued in resin to provide the fixed bed 
configuration for the experiments or spread on the plywood sheet to form a movable bed 
configuration. 
The complete closure of the gate resulted in a breaking bore (Fr = 1.32 to 1.4) and the gate closure 
with some partial opening underneath the gate (0.03 to 0.09 m) produced an undular bore (Fr = 1 to 
1.30). The undular bore with gate opening of 0.06 m was used for experiments including turbulent 
velocity measurements. Some turbulent velocity measurements were performed beneath the 
breaking and undular bore at different levels above the rough bed, using acoustic Doppler 
velocimetry (ADV). The instantaneous velocity data provided the turbulent Reynolds stresses using 
the variable interval time average (VITA) method. The instantaneous velocity and Reynolds stress 
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measurements at different relative elevations (z/d0) above the bed gave some understanding of the 
turbulent mixing beneath undular and breaking bores. Some strong flow reversal were observed 
beneath the breaking bore, while the longitudinal velocity beneath the undular bore decreased but 
hardly change direction close to the rough bed. The velocity fluctuations were observed to be the 
highest just above the bed. Also, the transient recirculation velocities just above the bed were larger 
and took place for a longer period in the breaking bore than during the propagation of the undular 
bore.  
The velocity measurements were performed on both fixed and movable gravel beds; the magnitude 
of the longitudinal velocity component was found larger just above the fixed bed compared to the 
mobile bed. The Reynolds stress components and total kinetic energy were found to be 10-30% 
higher above the mobile bed compared to the fixed bed configuration (for similar Fr and z/d0). The 
results highlighted the complex interactions between mobile bed and unsteady flow turbulence. 
Some turbulence patches were observed (above mobile bed) beneath the breaking bore some times 
after the passage of the bore and also beneath some wave crests in undular bores. 
The propagation of undular and breaking bores were observed to have different impact on the 
movable bed. The particles were selected not to have any motion during the steady flow. The 
experimental visual observations showed the intense transient motion of particles beneath the 
breaking bore and hardly any movement of particles beneath the undular bore. A video camera 
(recording 25 fps) was used to characterise the particle motion beneath the breaking bore. A first 
series of particle tracking experiments did not include simultaneous ADV data while, another set of 
experiments (series 2) included simultaneous ADV measurements just above the bed to study the 
velocity field and particle motion (about 200 particles). Using the flow free surface measurements, 
the velocity data and particles velocity, the acceleration and forces acting on each particle were 
estimated for every time step. The particles were observed to start their motion with the arrival of 
the bore. The measurements confirmed the predominant role of the longitudinal pressure gradient 
force related to the rapid change in free surface at the inception of sediment motion. The drag force 
was found to have a major effect on the extent of motion, while the inter-granular forces were 
believed to have a significant impact during the stoppage of particles. The inter-granular forces 
were deduced from the difference between total force acting on the particle and the measured forces 
(pressure gradient force, drag force, virtual mass force). Some upward motion of particles was 
noticed beneath the breaking bore during the experiments. The effect of lift forces acting on the 
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particles beneath the breaking bore was investigated although the study was confined to some force 
measurements. A comparison with the particles weight showed that the lift forces were less than 1/3 
of the submerged particles weight in magnitude. 
The numerical simulation of the undular and breaking bores was performed through modelling a 12 
m long channel and adopted the same initial conditions as the experimental modelling including the 
gate opening (0 for breaking bore and 0.06 m for undular bore). The bore Froude numbers for 
numerical simulations of undular and breaking bores were 1.36 and 1.53 respectively. The rough 
bed was modelled with some permeable bed which provided similar properties to the experimental 
rough bed. The numerical results were compared to the experimental data to validate the simulation 
as well as adopting the new results. The comparison included the free surface and fluid velocity in 
different levels z/d0 above the bed and the comparison suggested good agreement between the 
results. Some differences could be due to the different degree of boundary layer development in the 
numerical model.  
A large amount of flow field data was obtained from the numerical study. While, in the 
experimental model, the velocity could be measured in one point of location in each set of 
experiment, the numerical simulations unveiled the velocity and pressure data for each single cell of 
the simulation (about 3,000,000 cells). The data was used to map the velocity and pressure fields 
and resolve some interesting characteristics of the flow. The pressure distribution measured beneath 
the breaking bore in the numerical model was compared to the experimental estimates. The results 
were in good agreement and the very large pressure gradient force just beneath the bore toe was 
also observed in the numerical data. 
The vortical structures were mapped and visualised using the numerical data. The observation of 
vortical structures and their upward motion beneath the breaking bore in the numerical study, could 
explain the regular upward particle motion observations during the breaking bore experiments.  
The numerical simulation of the breaking bore in this study was a “breakthrough”. The simulation 
of breaking waves has always been a challenge due to the complexities of air entrainment modelling 
in the flow. In this study the free surface was modelled using the SVOF method and also the 
turbulence modelling was performed via large eddy simulation technique LES.  
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There have been some limitations in the present study of turbulent mixing beneath breaking and 
undular bore. The experimental study included some simultaneous ADV measurements and particle 
tracking. The ADV was located in a fixed position and still the measured flow velocity of the 
sampling volume was used as estimation of the fluid velocity in the particles’ locations during their 
motion. Hence the drag force and virtual mass force were computed with some approximation. The 
inter-granular forces were indirectly estimated through the measurements of other forces in spite of 
their enormous effects on sediment motion. The particles used in the experimental modelling were 
blue granite gravels with random shapes, although the calculations of forces were performed with 
assumption of spherical particles. An additional assumption in the present study included the non-
cohesive bed material while, in practice, the estuaries are usually covered with cohesive sediments.  
Numerical modelling included some limitations as well. The computing hours were limited for the 
current project when each run could take as long as 10 days using 256 processors. A permeable bed 
was simulated instead of the rough bed. The permeable bed properties were calculated 
mathematically based on the rough bed in the experimental modelling to have similar 
characteristics. This approximation was beneficial in terms of the rough bed modelling 
complications and reduction of the computing time.  
Some suggestions for future works include the experimental and numerical modelling of undular 
and breaking bores with different grain sizes. In case of more extensive access to supercomputers, 
the rough bed can be modelled with particles on the bed. The modelling of movable bed beneath 
breaking and undular bore would bring interesting contribution to sediment transport knowledge. A 
3D simulation of the bore with inclusion of the initial turbulence could reproduce better results for 
bore features and recirculation zone. Some investigation on the effect of lift forces on the particles 
motion could provide new understanding of the particles motion, while here in this study the 
longitudinal motion of particles was of the main interest. 
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APPENDIX A: Photographs of tidal bore experiments 
Some experiments of undular and breaking bores on fixed and mobile bed were performed in a 
rectangular long channel, 12 m long and 0.5 m wide. The experiments series 0 and 1 were 
performed in the Gordon McKAY Hydraulics Laboratory at the University of Queensland (UQ). 
The series 2 was performed in the Seddon Hydraulics Laboratory. Both breaking and undular bore 
characteristics were investigated on both fixed and mobile gravel beds. The bores were generated 
by the rapid closure of a tainter gate located at the downstream end of the channel. 
Some accoustic displacement meters were installed above the channel centerline at different 
locations to measure the free surface fluctuations. An accoustic Doppler velocimeter (ADV)  
installed 5 m downstream of the upstream end of channel to measure the instantaneous velocities 
with a sampling frequency of 200 Hz. A video camera was used to record the free surface 
fluctuations and the particles motion on the movable gravel bed. 
Some pictures of the undular and breaking bores from the time of propagation are presented in the 
followings.  
 
Figure A- 1 Tidal bore generation immediately after the tainter gate closure (h = 0) and bore propagation- Q = 
0.050 m3/s, d0 = 0.136 m  
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Figure A- 2 Tidal bore generation immediately after the tainter gate closure (h = 10 mm) and bore propagation 
from left to right at x = 5 m above the fixed gravel bed- Q = 0.050 m3/s, d0 = 0.136 m 
 
Figure A- 3 Tidal bore generation immediately after the tainter gate closure (h = 20 mm) and bore propagation 
from left to right at x = 5 m above the fixed gravel bed- Q = 0.050 m3/s, d0 = 0.136 m 
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Figure A- 4 Tidal bore generation immediately after the tainter gate closure (h = 30 mm) and bore propagation 
from left to right at x = 5m above the fixed gravel bed- Q = 0.050 m3/s, d0 = 0.136 m 
 
 
Figure A- 5 Tidal bore generation immediately after the tainter gate closure (h = 40 mm) and bore propagation 
from left to right at x = 5 m above the fixed gravel bed- Q = 0.050 m3/s, d0 = 0.136 m 
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Figure A- 6 Tidal bore generation immediately after the tainter gate closure (h = 70 mm) and bore propagation 
from left to right at x = 5 m above the fixed gravel bed- Q = 0.050 m3/s, d0 = 0.136 m 
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APPENDIX B: Free surface characteristics 
The water surface measurements and visual observations were conducted for fixed and movable bed 
configurations with similar initial conditions (Q = 0.05m3/s, d0 = 0.136m) and a range of Froude 
numbers Fr, where Fr is defined as Fr = (V# + U)/(Igd#) with V# the initial fluid velocity positive 
downstream, U the bore front velocity positive upstream, and g the gravity acceleration. At the 
larger Froude numbers (Fr > 1.3 to 1.4), a bore with a breaking roller was observed. The bore had a 
marked quasi-two-dimensional roller. The size of the roller increased with increasing Froude 
number. Undular bores were observed for the smaller Froude numbers (Fr < 1.3). For Froude 
numbers between 1.2 and 1.3, some slight breaking was observed at the first wave crest, followed 
by free-surface undulations. The flow pattern observations were consistent with the previous studies 
of FAVRE (1935), BENET and CUNGE (1971), TRESKE (1994), KOCH and CHANSON (2008) 
and DOCHERTY and CHANSON (2010). Some slight cross-waves (shock waves) were also 
observed next to the sidewalls starting from upstream of the first wave and intersecting on the 
channel centre line next to the wave crest.  These were also reported by KOCH and CHANSON 
(2008). 
Table B-1 summarises the initial conditions and some characteristics of breaking and undular bores. 
For the undular bores, the table includes the relative wave amplitude aw/d0 and wave steepness 
aw/Lw. The wave length Lw was the distance between any two adjacent corresponding positions on 
the wave train (e.g. the distance between two wave crests or wave troughs next to each other, Figure 
3-2). Wave amplitude aw was defined as the maximum vertical displacement of the wave from the 
top of the crest to the undisturbed position of the free surface and the wave steepness was the ratio 
of the wave amplitude to the wave length.  
Figure B-1 illustrates the upstream propagation of the breaking roller in the weak bore (A) and the 
wave train in the undular bore (B). Looking at the breaking bore (Figure B-1 (A)) the free-surface 
ahead of the turbulent roller increased gradually immediately prior to the bore. This gradual 
increase was followed by a sharp rise in elevation and the bore passage.  
The free surface characteristics of undular bore are presented and compared to previous studies in 
Figures B-2 to B-5. In Figures B-2 and B-3 the relative conjugate depths and the relative wave 
amplitude are respectively shown as a function of Froude number. The results of present study with 
fixed gravel bed showed a good agreement with the application of momentum principle (Bélanger 
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equation). In Figures B-4 and B-5 the wave steepness and dimensionless wave lengths are presented 
as functions of the Froude number and compared to previous studies. The data were compared with 
several field and laboratory observations and the analytical solutions of LEMOINE (1948) and 
ANDERSEN (1978) based upon the linear wave theory and cnoidal wave theory respectively. The 
wave amplitude and wave steepness increased with increasing Froude number until they reached to 
a maximum. A sharp decrease in wave amplitude and wave steepness was observed before the 
disappearance of the undulations, most likely linked with the appearance of some slight breaking at 
the first wave crest for Fr~1.3. DOCHERTY and CHANSON (2010) observed this for Fr~1.3 to 
1.45. The effect of the wake on the wavelength was observed earlier by COINTE and TULIN 
(1994). 
Table B-1 Free surface measurements on gravel fixed bed 
Bore type Gate opening (mm) Q (m3/s) d0 (m) V0 (m/s) U (m/s) Fr dconj/d0 dmax/d0 aw/d0 aw/Lw 
Breaking 0 50.2 0.14 0.73 0.86 1.36 1.64 1.96 0.28 0.05 
10 50.1 0.14 0.74 0.84 1.37 1.65 1.99 0.3 0.05 
Undular 20 50.1 0.14 0.74 0.79 1.32 1.51 1.91 0.35 0.06 
30 50.1 0.14 0.74 0.76 1.30 1.45 1.77 0.29 0.05 
40 50 0.14 0.70 0.73 1.26 1.41 1.68 0.25 0.04 
50 50 0.14 0.74 0.68 1.23 1.36 1.63 0.23 0.03 
60 50 0.14 0.74 0.63 1.19 1.31 1.48 0.17 0.02 
70 50 0.14 0.74 0.58 1.14 1.25 1.40 0.13 0.02 
80 50 0.14 0.74 0.52 1.09 1.19 1.32 0.08 0.01 
90 50 0.14 0.74 0.45 1.04 1.13 1.26 0.05 0.01 
100 50 0.14 0.74 0.41 1.00 1.10 1.18 0.04 0 
Notes: d0: initial water depth; dconj: conjugate depth; dmax: water depth of first wave crest; Fr: tidal bore Froude number; aw: wave 
amplitude of first wave length; Lw first wave length; Q: discharge; All data were recorded at x = 5 m. 
The results of the present study were close to the previous laboratory observations of CHANSON 
(2009), TRESKE (1994), KOCH and CHANSON (2009), CHANSON (2010b) and DOCHERTY 
and CHANSON (2010), the past field observations (LEWIS 1972, BENET and CUNGE 1971, 
NAVARRE 1995, WOLANSKI et al. 2004) and some basic theory (momentum principle, linear 
wave theory, cnoidal wave theory 1978, Boussinesq equation). 
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(A)  
(B)  
Figure B-1 upstream bore propagation with ADV positioned at x=5m (A) Breaking bore propagation, Q = 0.050 
m3/s, d0 = 0.136 m, U = 0.87 m/s, Fr = 1.39 (B) Undular bore propagation, Q = 0.050 m3/s, d0 = 0.136 m, U = 0.78 
m/s, Fr = 1.3 
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Figure B-2 Dimensionless conjugate depth dconj/d0 as a function of the tidal bore Froude number – Comparison 
between the present data, earlier laboratory studies (FAVRE 1935, BENET and CUNGE 1971, TRESKE1994, 
KOCH and CHANSON 2009, CHANSON 2010a, DOCHERTY and CHANSON 2010), prototype data (BENET 
and CUNGE 1975, NAVARRE 1995 [Dordogne River], WOLANSKI et al. 2004 [Daly River]), and the Bélanger 
equation (Eq. (3-17))  
  
Figure B-3 Dimensionless wave amplitude aw/d0 as a function of the undular tidal bore Froude number - 
Comparison between the present undular bore data, earlier laboratory studies (FAVRE 1935, BENET and 
CUNGE 1971, TRESKE 1994, KOCH and CHANSON 2009, CHANSON 2010a, DOCHERTY and CHANSON 
2010), prototype data (LEWIS 1972 [Dee River], BENET and CUNGE 1971, NAVARRE 1995 [Dordogne River], 
WOLANSKI et al. 2004 [Daly River]), the linear wave theory (LEMOINE 1948) and cnoidal wave theory 
(ANDERSEN 1978) 
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Figure B-4 Dimensionless wave steepness aw/Lw as a function of the undular tidal bore Froude number - 
Comparison between the present undular bore data, earlier laboratory studies (TRESKE 1994, KOCH and 
CHANSON 2009, CHANSON 2010a, DOCHERTY and CHANSON 2010), prototype data (LEWIS 1972 [Dee 
River], NAVARRE 1995 [Dordogne River]), the linear wave theory (LEMOINE 1948) and cnoidal wave theory 
(ANDERSEN 1978)  
 
Figure B-5  Dimensionless wave Lenght Lw/d0 as a function of the undular tidal bore Froude number - 
Comparison between the present undular bore data, earlier laboratory studies (TRESKE 1994, KOCH and 
CHANSON 2009, CHANSON 2010a, DOCHERTY and CHANSON 2010), prototype data (LEWIS 1972 [Dee 
River], NAVARRE 1995 [Dordogne River]), the linear wave theory (LEMOINE 1948) and cnoidal wave theory 
(ANDERSEN 1978)  
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APPENDIX C:  Instantaneous turbulent velocities  
Some instantaneous turbulent velocities in a breaking bore (U = 0.87 m/s, Fr =1.4, Q = 0.05 m3/s, d0 
= 0.136 m) and an undular bore (U = 0.61 m/s, Fr =1.17, Q = 0.05 m3/s, d0 = 0.136 m) on fixed and 
mobile bed configurations are presented in this section. Each of the following graphs contains the 
time-variations of the instantaneous velocities in x, y and z direction and their variable interval time 
average (VITA) as well as the free surface fluctuations. The measurements were performed at 
different sampling elevations z/d0 where z/d0 shows the ratio of sampling level to the initial flow 
depth. It should be noted that the bore was generated after about a minute of recordings on steady 
flow, although there were some time differences between runs.  
During the steady flow conditions, the free surface elevation was almost constant and the 
instantaneous longitudinal velocity fluctuated around a mean value. With the propagation of the 
bore, the free surface elevation changed rapidly the instantaneous velocities exhipited a different 
pattern: the longitudinal velocity decreased and reversed during the upstream propagation of the 
bore. In the unsteady flow, a time average is not meaningful. The variable interval time average 
technique (VITA) was used to characterise the measured turbulent data in breaking and undular 
tidal bores. The velocity and pressure in the unsteady flow could be defined as an average 
component plus a turbulent component (PIQUET 1999). 
 = V +  (C-1) 
V	can be represented by a low-pass filtered component or variable interval time average VITA 
(PIQUET 1999). A cut-off frequency Fcutoff is required to result in a greater characteristic time 1/ 
Fcutoff with respect to characteristic period of turbulent fluctuations and small with respect to 
characteristic period of the time-evolution for the mean properties. The upper and lower limits of 
the filtered signals were the Nyquist frequency (herein, 100 Hz) and a frequency corresponding to 
the period of undulations (herein, 1/(0.8s)=1.25 Hz). The final cut-off frequency was selected based 
on the sensitive analysis similar to analyses by KOCH and CHANSON (2008) and DOCHERTY 
and CHANSON (2010) and it yielded Fcutoff = 2 Hz, which was about 0.6 of the undulation period. 
This result was applied to all the velocity components.   
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The present study showed that the largest longitudinal and transverse velocity gradients and 
consequently largest shear stresses took place beneath the crest of undulation. This was also shown 
by DONNELLY and CHANSON (2005). For the breaking bore, the largest vertical velocity 
gradient occurred with the sharp rise in water free surface. Underneath the undular bore, a positive 
vertical velocity was hardly observed close to the bed. This was consistent with the results of 
particle tracking data in the present study, where just few particle motions were observed in form of 
particle rotation. 
(A)    
(B)  
Figure C-1 Instantaneous turbulent velocities in a breaking bore (Fr =1.4, U = 0.87 m/s) on mobile bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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(C)  
(D)  
(E)  
Figure C-1 Instantaneous turbulent velocities in a breaking bore (Fr = 1.4, U = 0.87 m/s) on mobile bed, Q = 0.05 
m3/s, d0= 0.136 m  
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 (F)    
(G)   
(H)  
Figure C-1 Instantaneous turbulent velocities in a breaking bore (Fr =1.4, U = 0.87 m/s) on mobile bed, Q = 0.05 
m3/s, d0= 0.136 m  
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(A)   
(B)  
(C)   
Figure C-2 Instantaneous turbulent velocities in a breaking bore (Fr =1.4, U = 0.87 m/s) on fixed bed, Q = 0.05 
m3/s, d0= 0.136 m  
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(D)  
(E)    
(F)   
Figure C-2 Instantaneous turbulent velocities in a breaking bore (Fr = 1.4, U = 0.87 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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(G)   
(H)   
(I)  
Figure C-2 Instantaneous turbulent velocities in a breaking bore (Fr =1.4, U = 0.87 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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(J)  
 (K)  
(L)  
Figure C-2 Instantaneous turbulent velocities in a breaking bore (Fr = 1.4, U = 0.87 m/s) on fixed bed, Q = 0.05 
m3/s, d0= 0.136 m   
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(A)   
(B)   
(C)   
Figure C-3 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on mobile bed, Q = 
0.05 m3/s, d0 = 0.136 m  
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(D)   
(E)   
(F)   
Figure C-3 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on mobile bed, Q = 
0.05 m3/s, d0 = 0.136 m  
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(G)   
(H)    
(I)   
Figure C-3 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on mobile bed, Q = 
0.05 m3/s, d0 = 0.136 m  
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(J)   
(K)  
(L)  
Figure C-3 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on mobile bed, Q = 
0.05 m3/s, d0 = 0.136 m  
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(M)  
Figure C-3 Instantaneous turbulent velocities in an undular bore (Fr = 1.17, U = 0.61 m/s) on mobile bed, Q = 
0.05 m3/s, d0 = 0.136 m  
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(A)  
(B)  
(C)  
Figure C-4 Instantaneous turbulent velocities in an undular bore (Fr = 1.17, U = 0.61 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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Figure C-4 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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Figure C-4 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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Figure C-4 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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Figure C-4 Instantaneous turbulent velocities in an undular bore (Fr =1.17, U = 0.61 m/s) on fixed bed, Q = 0.05 
m3/s, d0 = 0.136 m  
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APPENDIX D: Turbulent Reynolds Stresses 
The Reynolds stress tensor in a fluid includes the effect of momentum components (vx, vy, vz) in 
each direction (x, y, z): while the x-momentum produces normal stress in x direction, the other 
components of momentum also add some tangential stress (ρ×vx×vy and ρ× vx × vz) in x direction. 
In a general aspect, the turbulent stress tensor or Reynolds stress tensor is characterised by the 
turbulent momentums ρ×viʹ×vjʹ where i and j can be any of x, y and z acting on the di×dj faces of 
each control volume. 
Herein, the dimensionless instantaneous Reynolds stress components are presented as functions of 
the dimensionless time of several relative elevations. The Reynolds stresses were calculated from 
the variable interval time averaging technique (VITA) (Appendix C). Some data for breaking bore 
on fixed bed and breaking and undular bore on mobile bed are presented, as summarised in table D-
1. Herein, only two components of Reynolds stress are presented on each graph besides the free 
surface profile. 
Table D-1 Experimental flow conditions for turbulent measurements 
Bed 
configuration 
Gate opening  
after closure 
(mm) 
Bore type 
Q 
(m3/s) 
d0 
(m) 
V0 
(m/s) 
U 
(m/s) Fr dconj/d0 dmax/d0 aw/d0 aw/Lw 
Fixed Bed 0 Breaking 0.050 0.136 0.73 0.87 1.39 1.63 N/A N/A N/A 
Mobile Bed 
0 
60 
Breaking 
Undular 
0.051 
0.050 
0.136 
0.136 
0.73 
0.73 
0.87 
0.61 
1.40 
1.17 
1.64 
1.30 
N/A 
1.51 
N/A 
0.167 
N/A 
0.025 
Notes: d0: initial water depth; dconj: conjugate depth; dmax: water depth of first wave crest; z/d0: relative vertical elevation; Fr: tidal 
bore Froude number; aw: wave amplitude of first wave length; Lw first wave length; Q: discharge; All data were recorded at x = 5 m. 
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(A)  
(B)  
(C)   
Figure D-1 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.06 for breaking bore (Fr = 1.4) on mobile bed. 
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(A)  
(B)  
(C)   
Figure D-2 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.14 for breaking bore (Fr = 1.4) on mobile bed. 
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 (A)  
(B)   
(C)   
Figure D-3 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.2 for breaking bore (Fr = 1.4) on mobile bed. 
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 (A)   
(B)   
(C)   
Figure D-4 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.25 for breaking bore (Fr = 1.4) on mobile bed. 
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 (A)   
(B)  
(C)   
Figure D-5 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.3 for breaking bore (Fr = 1.4) on mobile bed. 
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 (A)  
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(C)  
Figure D-6 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.36 for breaking bore (Fr = 1.4) on mobile bed. 
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Figure D-7 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.46 for breaking bore (Fr = 1.4) on mobile bed. 
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Figure D-8 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.56 for breaking bore (Fr = 1.4) on mobile bed.  
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Figure D-9 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.02 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-10 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.09 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-11 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.25 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-12 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.3 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-13 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.36 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-14 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.41 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-15 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.46 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-16 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.51 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-17 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.72 for breaking bore (Fr = 1.4) on fixed bed.  
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Figure D-18 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.09 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-19 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.14 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-20 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.3 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-21 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.51 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-22 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.56 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-23 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.66 for undular bore (Fr = 1.17) on mobile bed.  
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Figure D-24 Dimensionless Reynolds stress components as a function of dimensionless time measured at relative 
elevation z/d0 = 0.7 for undular bore (Fr = 1.17) on mobile bed.   
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APPENDIX E: Sediment Particle Tracking 
Particle tracking was performed for more than 200 particles during series 2 for about 40 runs. A 
video camera was installed at the right side of the channel at x = 5 m, observing from the right glass 
wall and recording the bore propagating from downstream to upstream. The video camera was a 
digital HD video camera recorder model HDR-SR11E/SR12E. The ADV was also installed at x = 5 
m (5 m downstream of the upstream end of the channel). Some acoustic displacement meters 
(ADMs) MicrosonicTM Mic+25/IU/TC were placed at x = 4, 5, 6 and 8 m downstream of the 
channel upstream end to measure the free surface elevations during the bore passage.  
The particles moving in front of the ADV head were tracked in each run. The following figures 
present some results of particle tracking for different experiments in relation to the bore 
characteristic points. In each figure, points 1, 2 and 3 represent the characteristic points on the bore. 
As presented in the Figure E-1, Point 1 represents where the free surface starts a rapid rise just 
before the passage of the bore, Point 2 is the roller toe and Point 3 shows the location of conjugate 
depth of the bore. In Figure E-1, the bore is propagating towards upstream in the right side of the 
picture. The particle tracking results for different runs of experiments are presented in Figure E-2. 
 
Figure E-1 Schematic of the breaking bore propagation: the particles position in relation to the characteristic 
point 2 of the bore (view from left side) 
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(E) (F)  
Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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Figures E-2 Gravel particle trajectories and bore propagation as functions of time - Q = 0.051 m3/s, movable 
gravel bed, Fr = 1.4, Gate opening: h = 0 (series 2)  
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APPENDIX F: Forces acting on the sediment particles 
The forces acting on the particles were calculated from the ADV and video camera measurements. 
The total forces acting on the particles were found from the particle acceleration, while the shear 
forces and virtual mass forces were calculated from the instantaneous flow and particle velocity. 
The pressure forces were also found from the median free surface profile. 
In the figures, T2 represents the time when the bore toe (Point 2) reached or would reach right above 
the particle, T-T2 > 0 corresponds to X-X2 < 0 indicating that the bore passed above the particle. In 
contrary, X-X2 > 0 and T-T2 < 0 indicate that the particle is located upstream of the bore toe. 
The experimental flow condition and the run numbers are summarised in table F-1 including the 
number of tracked particles in each run and the elevation of ADV control volume above the rough 
bed. 
Table F-1 Experimental flow conditions for particle tracking and turbulent measurements (series 2) 
Bore 
type 
Bed 
type 
Q 
(m3/s) 
Fr d0 
(m) 
U 
(m/s) 
Run 
number  
Number of 
tracked particles 
ADV control volume 
elevation (mm) 
Breaking 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mobile 
bed 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3-
1.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.82-
.87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2-Z0 
3-Z0 
4-Z0 
5-Z0 
6-Z0 
7-Z0 
8-Z0 
9-Z0 
10-Z0 
11-Z0 
13-Z0 
14-Z0 
15-Z0 
16-Z0 
14-Z5 
16-Z5 
 
5 
6 
2 
5 
5 
5 
5 
6 
5 
5 
4 
4 
5 
6 
5 
6 
 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
5.8 
10.8 
10.8 
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Table F-1 continue 
Bore 
type 
Bed 
type 
Q 
(m3/s) 
Fr d0 
(m) 
U 
(m/s) 
Run 
number  
Number of 
tracked particles 
ADV control volume 
elevation (mm) 
Breaking 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Mobile 
bed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1.3-
1.4 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.14 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0.82-
.87 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
17-Z5 
19-Z15 
20-Z15 
23-Z5 
24-Z5 
25-Z5 
26-Z5 
27-Z5 
28-Z5 
29-Z5 
30-Z5 
31-Z5 
32-Z5 
33-Z5 
34-Z5 
35-Z5 
36-Z5 
40-Z5 
 
6 
7 
6 
7 
6 
6 
5 
7 
5 
7 
7 
8 
6 
7 
5 
5 
5 
5 
 
10.8 
20.8 
20.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
10.8 
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Figure F- 1 Force acting on particles of run2-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
T-T 2 (s)
Fo
rc
e
 
(N
)
run2-Z0, Particle A
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure Force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run2-Z0, Particle B
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run2-Z0, Particle C
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run2-Z0, Particle D
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run2-Z0, Particle E
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Drag force
F virtual mass
F=-m.a
Pressure force
201 
 
 
 
 
 
 
 
Figure F- 2 Force acting on particles of run3-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 3 Force acting particles of run4-Z0 while the breaking bore passed above the particle - Q = 0.050 m3/s, 
d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 4 Force acting on particles of run5-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 5 Force acting on particles of run6-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 6 Force acting on particles of run7-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 7 Force acting on particles of run8-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 8 Force acting on particles of run9-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 9 Force acting on particles of run10-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 10 Force acting on particles of run11-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 11 Force acting on particles of run13-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 12 Force acting on particles of run14-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 13 Force acting on particles of run15-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 14 Force acting on particles of run16-Z0 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 5.8 mm (series 2) 
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Figure F- 15 Force acting on particles of run14-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
T-T 2 (s)
Fo
rc
e 
(N
)
run14-Z5, Particle A
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run14-Z5, Particle B
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run14-Z5, Particle C
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run14-Z5, Particle D
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run14-Z5, Particle E
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
215 
 
 
 
 
 
 
 
Figure F- 16 Force acting on particles of run16-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 17 Force acting on particles of run17-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 18 Force acting on particles of run19-Z15 while the breaking bore passed above the particle - Q = 
0.050 m3/s, d0 = 0.14 m, ADV control volume elevation z = 20.8 mm (series 2) 
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Figure F- 19 Force acting on particles of run20-Z15 while the breaking bore passed above the particle - Q = 
0.050 m3/s, d0 = 0.14 m, ADV control volume elevation z = 20.8 mm (series 2) 
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Figure F- 20 Force acting on particles of run23-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 21 Force acting on particles of run24-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 22 Force acting on particles of run25-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 23 Force acting on particles of run26-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 24 Force acting on particles of run27-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 25 Force acting on particles of run28-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
T-T 2 (s)
Fo
rc
e
 
(N
)
run28-Z5, Particle A
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run28-Z5, Particle B
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run28-Z5, Particle C
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run28-Z5, Particle D
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run28-Z5, Particle E
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
226 
 
 
 
  
 
 
T-T 2 (s)
Fo
rc
e
 
(N
)
run29-Z5, Particle A
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run29-Z5, Particle B
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run29-Z5, Particle C
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run29-Z5, Particle D
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run29-Z5, Particle E
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run29-Z5, Particle F
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
227 
 
 
 
Figure F- 26 Force acting on particles of run29-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 27 Force acting on particles of run30-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 28 Force acting on particles of run31-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle C
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle D
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle E
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle F
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle G
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run31-Z5, Particle H
-0.25 0 0.25 0.5
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
230 
 
  
  
 
 
Figure F- 29 Force acting on particles of run32-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 30 Force acting on particles of run33-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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Figure F- 31 Force acting on particles of run34-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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 Figure F- 32 Force acting on particles of run35-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
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 Figure F- 33 Force acting on particles of run36-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2) 
T-T 2 (s)
Fo
rc
e
 
(N
)
run36-Z5, Particle A
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e 
(N
)
run36-Z5, Particle B
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run36-Z5, Particle C
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run36-Z5, Particle D
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
T-T 2 (s)
Fo
rc
e
 
(N
)
run36-Z5, Particle E
-0.25 0 0.25 0.5 0.75
-0.002
-0.0015
-0.001
-0.0005
0
0.0005
0.001
Pressure force
Drag force
F virtual mass
F=-m.a
236 
 
 
 
 
 
 
 
Figure F- 34 Force acting on particles of run40-Z5 while the breaking bore passed above the particle - Q = 0.050 
m3/s, d0 = 0.14 m, ADV control volume elevation z = 10.8 mm (series 2)  
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APPENDIX G: Comparison of water depths and velocities on fixed bed for 
breaking and undular bore (experimental vs numerical results) 
The experimental and numerical results of free surface and instantaneous velocity are compared for 
both breaking and numerical bores on fixed bed. The 2D numerical model provided some smooth 
instantaneous velocities compared to the instantaneous velocities of the experimental study. This 
was a result of using large eddy simulation LES in the numerical modelling which excludes the 
small scale turbulence. Hence the VITA velocities from the experimental modelling were used in 
the comparison to the numerical results.  
1- Comparison of water depths and velocities on fixed bed for undular bore  
The solid lines in the Figure 6-4 show the numerical results of undular bore simulation while the 
experimental data are shown in dashed lines. The findings showed that numerical results follow 
similar trends as experimental data even though the undular bore had higher conjugate depth, 
Froude number as well as instantaneous velocities.  
(A)  
Figure G-1 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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 (B)  
 (C)  
 (D)  
Figure G-1 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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 (E)  
(F)  
 (G)  
Figure G-1 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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 (H)  
(I)  
 (J)  
Figure G-1 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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 (K)  
(L)  
Figure G-1 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in an 
undular bore (experimental/numerical Fr = 1.17/1.36, U = 0.61/0.83 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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2- Comparison of water depths and velocities on fixed bed for breaking bore  
The turbulent velocities under breaking bore in the longitudinal and vertical direction are compared 
at different levels above the rough bed. The free surface fluctuations are also presented in each 
graph for better illustration and synchronisation. The Froude numbers were 1.53 and 1.36 
respectively for experimental and numerical modelling of breaking bore. Overall, the numerical 
results showed to follow similar trends as experimental results.  
(A)  
(B)  
Figure G-2 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in a 
breaking bore (experimental/numerical Fr = 1.4/1.52, U = 0.87/1.01 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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(C)  
 (D)  
 (E)  
Figure G-2 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in a 
breaking bore (experimental/numerical Fr = 1.4/1.52, U = 0.87/1.01 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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(F)  
 (G)  
 (H)  
Figure G-2 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in a 
breaking bore (experimental/numerical Fr = 1.4/1.52, U = 0.87/1.01 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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 (I)  
 (J)  
Figure G-2 Numerical turbulent velocities (solid lines) vs experimental VITA velocities (dashed lines) in a 
breaking bore (experimental/numerical Fr = 1.4/1.52, U = 0.87/1.01 m/s) on rough bed (fixed), Q = 0.05 m3/s, d0 = 
0.136 m, similar legend is used for all graphs. 
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